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PREFACE 


The present book grew out of a course, Introduction to Atomic Physics, 
which the author has been giving at Harvard University since 1931. It 
is intended for readers Avho have taken a one-year introductory physics 
course and are familiar with the elements of chemistry. Calculus is not 
necessary for the understanding of atomic physics on the introductory 
level. Here the difficulty is not of a mathematical nature. It is difficult, 
however, to understand how thoroughly our detailed theory of atomic 
structure, although apparently remote from observed facts, is based on 
experimental evidence. Therefore, in this book the relation between theory 
and observed facts is stressed throughout. In one argument in which 
calculus is indispensable, the mathematical treatment is relegated to an 
appendix. For more advanced students many calculus problems are in- 
cluded. 

Throughout the book the main emphasis is on understanding as opposed 
to accepting on authority. This point of view necessarily limits the scope 
of a book planned on the precalculus level. For example, the author had 
to refrain from the discussion of complex spectra on the basis of several 
quantum number’s, the origin of which would remain mysterious. Isolated 
facts of minor impor-tance, which only the expert must study, am en- 
tirely omitted. In only a few cases are the results of the advanced mathe- 
matical treatment needed to pro\'ide a compreherrsive evaluation of the 
ability of the theory to accormt for observations. In such cases, brief 
reports on further developments are given. 

In many chapters of the book a method is applied that the author has 
tried out in elementary and advanced courses. Certain arguments that 
are essential parts of the course are relegated to pi'oblems. Through diffi- 
cult problems the student is guided by a set of questions. This method 
serves two purposes: It is intended to stimulate the interest of the student, 
and it impresses the student with the physical idea that is given in the prob- 
lem, as distinguished from the maihematiced performance through which he 
is asked to go by himself. 

In the lecture ooui’se offered at Harvard Univex’sity many experiments are 
demonstrated. Other e.xperiments that take more time are performed by 
the student in an advanced laboratory course in atomic physics. Although 
the experiments are only briefly described in the text, more technical 
advice is given in an appendix. 
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The course from which the present book developed originally covered 
two semestei’s. After a reorganization, it was reduced to a one-semester 
coui’se. For such a short courae it is recommended that the instructor give 
only the briefest outline of the fundamentals of chemistiy and the kinetic 
theory of gases. In later sections, too, some detail may be replaced by 
summaries. Depending on the preference of the instructor, the following 
sections are suggested for omission or an abbreviated treatment: 6.2, 8.2c, 
15.66, 16.1-16.2, 17.10, 17.11, IQ.ld, 19.16, 20.7, 22.6d, 22.6c, 22.9, 23.3. 

The author gratefully acknowledges many helpful suggestions offered 
by E. B. Brode, W. H. Furry, R. B. Holt, L. S. Lavatelli, E. M. Purcell, 
J. C. Street, and W. L. Whittemore. Sincere thanks ai'e due to L. M. 
Branscomb and Mr. and Mre. J. J. Sopka for their aid in suggesting nu- 
merous improvements in phraseology. 

Otto Oldbnbeeg 

Caubbiooe, Mass. 
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INTRODUCTION 


When trying to understand atomic theory, we become aware of the 
contrast between this comparatively new branch and the older branches 
of physical theory. In mechanics the theory gives relations between 
quantities that are directly observable. In optics a definite gap opens 
up between the observation and the theory. For example, we observe 
certain regular light and dark fringes and explain them by the theoretical 
concept of light as a wave motion that is not directly accessible to our 
senses as the surface waves of water are. Ever so much wider is this 
gap between observations and theoretical concepts in atomic physics. 
This seems to us the greatest difficulty in the study of atomic physics. 

Even at the beginning of this century, in the earlier development of 
atomic theory, the gap seemed so wide that a distinguished chemist, 
although operating every day with the concept of atoms, w'amed his 
students that they should not believe too literally in the existence of 
such atoms which nobody had ever seen as individual particles. Con- 
trary to this skepticism, at present we are asked to believe that we know 
the parts of the most complicated atoms and how the parts wmrk to- 
gether. We are told, for example, that each mercury atom consists of a 
nucleus of weU-knowm mass and electric charge, built of 80 “protons” 
and about 120 “neutrons,” surrounded by 80 “electrons,” each electron, 
in turn, with a well-known mass and charge, arranged in well-known 
groups and capable of changing its position when absorbing or emitting 
light according to well-known laws that differ widely from the laws 
familiar to the beginner in the introductory course on physics. We 
even claim that w'e can describe the nucleus in considerable detail. This 
detailed picture contrasts with the fact that nobody has ever seen an 
individual atom, much less taken it apart and examined its parts as a 
watchmaker examines the gears of a watch. Our senses tell us only such 
facts as, for example, that certain colored light is emitted by the electric 
discharge through mercury vapor. 

What is the method of research that leads us so far away from the solid 
basis of observations? We illustrate it by tw’o historical examples indicat- 
ing two opposite approaches. On the basis' of our present attitude, both 
are subject to criticism. Nevertheless, they help us in understanding the 
modem approach. 

In the Islamic w'orld, about a thousand years ago, there was an im- 
portant development of research in physics. The concave miiTor, the 
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convex mirror, refraction of light, and many other phenomena were 
systematically observed and described. This method of careful de- 
scription of experiments has led to important discoveries. Can it lead to 
the discovery of atoms and their properties? This does not seem possible 
since atoms are far beyond the range of direct observation. Even today, 
in spite of a vastly improved experimental technique, nobody has ever 
seen an individual atom. 

Nevertheless the idea of atoms is eleven centuries older than Islamic 
science. This brings us to the other example illustrating the opposite 
approach. The ancient Greeks had the aspiration to penetrate into 
mysteries that they imagined beyond the limit of immediate observation. 
Around 400 b.c., Democritus taught that matter consists of an almost 
infinite number of invisible and indivisible particles, which differ from 
each other only in form, position, and arrangement. Atomos is the 
Greek word for indivisible. This then was the first appearance of the 
concept of atoms. Ai'e we justified in saying that Democritus discovered 
the atomic structure of matter? Our present critical attitude does not 
allow us to accept that, because he did not offer any evidence proving 
the truth of his new idea, which was based solely on his intuition and 
his faith in a simple structure underlying the complexity of everyday 
observations. 

By another example let us illustrate the fact that the indiscriminate 
use of the intuition may equally well lead in the wrong as in the right 
direction. This is evident from the Greek ideas of the cosmos. Around 
350 B.c. Aristotle taught that the earth does not move and that it lies 
exactly at the center of the universe. A century later his teaching was 
opposed by Aristarchus who claimed that the earth revolves about the 
sun in the circumference of a circle, the sun lying in the middle of the 
orbit. Although at present we accept this latter picture of the cosmos, 
Aristarchus is generally not considered to be the discoverer of the helio- 
centric system because he did not offer a proof that demonstrated the 
superiority of his system over the geocentric system of Aristotle. The 
Copernican system is the universally accepted name for the new concept. 
Copernicus, 1800 years later, applied the same basic idea; but he went a 
great step further by using this idea for the explanation of certain ob- 
sen^ations of great complexity. He explained the planetary orbits, which 
to the terrestrial observer seem most involved, as simple orbits about 
the sun, seen from one of the planets, the earth. The history of this 
discovery shows why we do not consider Democritus as the discoverer of 
the atomic structure of matter. He had no way of proving the truth of 
his idea by correlating it with observed facts. This last step was taken 22 
centuries later by Dalton. This criticism, based on more than 2,000 
“ of further scientific development, does not detract from our admi- 
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ration for the great step forward in human thought made by the Greek 
philosophers. They had the freedom of mind to abandon such naive 
ideas as that the residence of the human race must be the center of the 
universe. Beyond the range of the human eye they visualized a realm of 
nature in which different laws may be in effect, e,g., where the familiar 
experience that matter is divisible without limit may not be true. They 
imagined that an orderly structure of nature of a totally different kind 
may exist at the very small and the very large scale. The origin of these 
ideas is evident from the Greek origin of the words atom” and cosmos.” 

After criticizing the Islamic and the ancient Greek physicists as repre- 
sentatives of two opposite lines of thought, we want to know what we 
consider to be the most fruitful approach. The answer is a combination 
of both these methods. Modem atomic theory is a product of the 
imagination which has led us very far beyond what we perceive with 
our senses, but we claim that we have a criterion for the value of a 
theory. We judge it by its power to make a multitude of observed facts 
derivable from a unified basis. An example of this point of view will be 
given by each chapter of the present book. We accept on authority only 
the observed facts; c.gr., spectral lines observed. In the lecture course 
as many as possible of such facts are demonstrated by experiments. The 
theory, e.^., Bohr^s theory of the hydrogen atom, cannot be derived 
from the observed facts. Therefore, the theory is by no means as certain 
as these facts. Even in our introductory treatment we must adopt the 
critical attitude indispensable in research, judging the value of a theory 
by its poAver to give a consistent picture of many observed facts. This 
point of view will guide us throughout this book. We may state our cri- 
terion in a more extreme form: We accept a theory if it allows us to pre- 
dict the result of an experiment hitherto untried. Thus a discouraged 
student of atomic theory may gain confidence when he recalls its recent 
success: The theory predicted that the element uranium, after a most 
complicated treatment, would lead to a reaction in which an unheard-of 
energy would suddenly be liberated. The value of this theoiy is generally 
recognized. 

There is still another aspect to understanding atomic theory. How 
is it possible that human beings discovered a structure so far remote 
from what our senses perceive? How reliable is our theoretical knowl- 
edge? These questions will best be answered by the historical approach, 
which Ave shall use AA^herever it is compatible with the systematic argument. 

In a book devoted to a systematic survey it is not possible to trace 
the slow development of each new experiment and new . idea in full 
detail. For example, it would be misleading to say that the charge on 
the electron was first measured in 1905 by Millikan using the oil-drop 
method. On one hand, this statement disregards the results of the 
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earlier workers using clouds of water drops; on the other hand, it dis- 
counts Ihe great difficulties overcome by Millikan and his numerous 
coworkers durmg their efforts spread over a decade and continued 
much later. This example illustrates the fact that numerous brief 
historical statements given throughout the book must be taken with a 
gram of salt. 

During his complicated journey through the vast territory of atomic 
physics, the student should keep m mind the significance within the 
whole of any detailed view. In this endeavor he will be assisted by the 
survey printed as Table 1. Here the bearmg of any group of experiments 
on our theoretical knowledge is evident from the correlation between the 
observation j given m the left column, and the theory in the right column. 
We arrange our discussion from the point of view of the theory This 
gives the student practice in invoking experiments from different fields 
of physics and chemistry in the support of the same theoretical idea. 
We start from the arguments for atomic structure in the widest sense, 
the structure of matter as revealed in chemistry (Part I) and the study 
of gases (Part II). Next we study the structure of clcctndty (Part III) 
and the structure of light (Part IV). The following detailed discussion 
of the structure of individual atoms is naturally subdivided into the 
structure of the external electrons (Part V) and that of the nudeus (Part 
VI). Finally, in Part VII, we give a brief outline of wave mechanics 
which, instead of Newtonian mechanics, governs the motion of the 
smallest particles studied in atomic physics 
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Table 1 . Atomic Physics 

Observation Theory 

Fart 1. Stnictui'e of Mattel as Revealed in Chemistry 

Facts of cliemistry Atoms and their relative weights, Dalton, 

1803, Avogadio’s rule, 1811 


Part II. Gases 

Prebsurc, temperature, specnfic heat of a Kinetic theoiy of gases, lieginning 1848 
gas, Brownian motiun 

Part III Stnictme of Electricity 


A Determinations of c/ju 

Electric dischorge through liquids, 
Faiaday’s laws, 1833 
e/n of cathode-ray pai tides 

e//i of positive-ray particles 
6//1 decreases for high velocitieB 

B. Determiimtion of e 

Milhkan’s oil-drop exponment, 1900 

C. Electionsm metals. 

Electron emission fiom glowing metals 


e//i of ions in liquids; existence of a funda- 
mental charge, 1881 

Cathode lay consists of free electrons, 
J. J. Thomson, 1897 
Positive lay consists of fiee + ums 
Mass equivalent to energy, Einstein, 1906 

Determination of the fundamental charge, 
masses of atoms and molecules 

Free electrons in metals, work function 


Part IV. Stiuctuie of Light 

Photoelectric effect, 1887, 1916 Light consists of quanta of enetgy hv, 

Compton effect, 1923 Planck, 1900, Einstein, 1905 


Part V Electronic 

A The nuclear atom 
Scattering of a particles 

B Electronic structure 

Spectrum ot hydrogen atoms 
Spectia of heavici atoms 
Methods of oliseivation 
Periodic table of elements 
X lays 


Structiue of Atoms 

The heavy, positively charged nucleus 
suiTOunded by olectrous, Riitherfoid, 
1911 

Bobi’s theory, 1913 

Eneigy levels of extermd eletdions 

Elementary piocesses 

Stability of i are-gas elootiomc. htructurc 

The inteiml election groups 


Part VI Nuclear Stiuctuie 


Isotopes, 1920 

-i^atural radioactivity, 1896 

Artidcial transmutation of elements, 1919, 

bosmio rays, 1912 


Nuclei bmlt of a few types of particles, 
energies of formation 
Spontaneous disintegration of heavy nuclei 
Artificial transmutation of nuclei, neu- 
tions, 1932, positrons 
Highest energy rays of cosmic origin, posi- 
trons, 1932, mesotrons, 1037 
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Tabic 1 . Atomic Physics {Continued) 

Pali; VII. Wave Nature of Matter 

Diffraction of electrons, 1927 The motion of mattei governed by waves 

de Broglie, 1922, Heisenberg, Schio- 
dmgei, 1925 
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IN CHEMISTRY 




CHAPTER 2 


SOME RESULTS AND DEFINITIONS 
OF CHEMISTRY 


2.1. Valence. In chemistry it has been found tliat sodium (Na) and 
related elements may foim compounds with oxygen (oxides) of the molecu- 
lar constitution NaaO, indicating that 1 oxygen atom has the power of 
binding 2 sodium atoms. However, calcium (Ca) and related elements 
form oxides described by CaO. Such power of atoms is generally described 
as their “valence ” Oxygen is called “bivalent” and sodium “univalent.” 
A cmde picture of the valence of oxygen, just sufficient for the beginner 
physicist, is given by two little hooks with which each oxygen atom is en- 
dowed while each sodium atom carries only one hook. Thus a “saturated ” 
molecule is formed when each of the two hooks of 1 oxygen atom is inter- 
linked with the one hook of a sodium atom. Correspondingly, calcium 
would be called “ bivalent ” because it forms the compound CaO. Chlorine 
(Cl) and related compounds are imivalent because with sodium they form 
compounds of the type NaCl 

For a thorough understanding of chemical compounds this picture of the 
valence is too primitive because it fails to give an explanation for the fact 
that some elements manifest different values of valence in different com- 
pounds. Later, in our discussion of the periodic table of elements, we shall 
refine om picture of the valence. 

2.2. Atomic and Molecular Weights. The mass ratio of 1 cm® hydrogen 
(Ha) and 1 cm® oxygen (O 2 ) is 1.008 : 16. Since, according to Avogadro’s 
rule, both contain the same number of molecules, we must attribute this 
ratio to the masses of the individual molecules: mass of Ha/mass of O 2 . 
It is convenient to express such ratios on the basis of an arbitrarily selected 
unit. Historically, two different units have been used. It is obvious that 
the mass ratio of a hydrogen atom H and a hydrogen molecule Ha is 1 : 2. 
Since the hydrogen atom is the lightest of all atoms, it may be adopted as 
the arbitraiy unit In this system Ha would have the molecular weight 
2.000 and O 2 a little less than 32. Instead, at present a slightly different 
system is universally adopted based on Jfg of an oxygen atom as the arbi- 
trary unit (We shall use the letter m as indicating any molecular weight 
on this basis.) This gives the oicygen molecule the molecular weight of 
exactly 32.000 and the hydrogen molecule the molecular weight 2.016. The 
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[See 2.3 


relative masses of the atoms, called “atomic weights,^’ are accordingly 
1.008 for H and, by defimtion, 16 000 for 0. There are two reavsons for the 
curious choice of of an oxygen atom as a unit First, it has a practical 
advantage as many atomic weights have been determined by the analysis 
of oxides, i e., by compaiison with oxygen atoms Second, it leads to the 
strange result, unexplained through more than a century, that many, but 
not all, atomic weights are whole numbers. This important observation 
will be discussed in the chapter on isotopes (Sec. 20 2). 

The term “atomic weight” makes us believe that we should express this 
quantity somehow with the help of the familiar mass unit, gram. In this 
respect, however, the universally adopted term “atomic weight” is mis- 
leading. This quantity is defined as the ratio of two masses (or of two 
weights). Therefore, it makes no difference in what units the individual 
masses are measured. The conventional expression for this situation is 
“the molecular weight has no dimension ” (Another familiar example of a 
quantity that has no dimension is the specific gravity of a substance, de- 
^ed as the ratio of its density to that of water ) 

2.3. A New Unit of Mass. In chemistry it became convenient to define 
a new unit of mass replacing the familiar gram. One “gram molecule ” or 
“mole” is defined as the number of grams given by the molecular weight, 
i.e.j m grams. Hence, 1 mole Oa = 32.000 g O 2 . The relation between this 
new mass unit and the gram is evident from the simple example: 

96 g O 2 == 3 moles O 2 

or, in general. 

Mass (grams) = mass (moles) X m (2.1) 

where mass (g) and mass (mole) mean the figures expressing the same mass 
in the units of grams or moles, respectively Correspondingly, when deal- 
ing with atoms, the chemist defines 1 gram atom as the number of gi’oms 
given by the atomic weight. This leads to the analogous I'clation 

Mass (grams) « mass (gram atoms) X atomic weight (2.2) 

The usefulness of this new unit will be evident when we e.\'press the 
number N of molecules contained in 1 mole, i.e , in m grams Each mole- 
cule has a mass measured in grams Let us compare two gases, c g. hydro- 
gen and oxygen, indicated by the subscripts 1 and 2, respectively. For 
each gas we write the number of gi-ams contained in 1 mole. 

mi = NiHi and m 2 = JY 2 jUa 

or, instead, 

iVi - ^ and iV, = ^ 

Ml Ml 

Since the molecular weight m of any substance is defined as proportional 
to the mass jU, it follows that nii/ni = nii/fii and Ni = N 2 Hence, the 
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number of molecules contained in 1 mole is the same for all substances. 
Now we may drop the subscript and write this universal constant iV, called 
^'Avogadro’s number ” Since N represents a number per mole, it has the 
unit of an absolute number divided by a mass in moles (or mole~^). In 
the important equation 

m = iVju (2.3) 

only m and ju are specific for the substance. This new statement that the 
number of molecules N contavn&l in one mole is a universed constant is not a 
law describing results of new experiments but only a logical conclusion 
from our definition of the molecular weight m as proportional to the mass 
Ij, of the individual molecule. This statement is simpler than Avogadro's 
rule given above, in which we refer the number of molecules to a unit 
volume because there we have to stipulate standard conditions. Here we 
refer the number to a unit mass (1 mole). It is obvious that the number 
so defined is mdependent of the conditions because a certain mass of a gas 
does not lose any of its molecules when we cool or compress or liquefy or 
freeze it. At the present stage of our argument the numerical value of 
Avogadro^s number N remains unknown (Sec. 9.2). 

The usefulness of the mole as our new unit of mass is illustrated by an 
example. Suppose a chemist wants to mix hydrogen and oxygen in such 
a proportion that, when water is formed, each oxygen atom finds the neces- 
sary 2 hydrogen atoms as pai*tners. From the molecular formulas and 
atomic weights he computes that he must mix 4.072 g Hs and 32.000 g Os 
in order to produce 36.072 g H 2 O. The same result is more easily stated 
as 2 moles Ha and 1 mole O 2 form 2 moles H 2 O. 

Here the ways of the chemist and the physicist separate. The chemist 
studies the various compounds, the physicist, among other problems, 
studies the behavior of gases, the emission and absorption of light, the 
effects of electric currents. Through the greater part of a century these 
two ways seemed to lead into independent realms of science separated so 
completely that research was cai'ried on in separate laboratories. How- 
ever, no border line exists at present between chemistry and physics. In 
particular, withm the past twenty years these two lines of research joined 
again with the discovery of a theory which describes on a unified basis aU 
properties- of atoms, in particular their spectra and their chemical behavior. 
This theory, which requires advanced mathematics, will be discussed only 
very briefly in Chap. 26. 

SUMMARY OF CHAPTERS 1 AND 2 

Quantitative chemical analysis by weight leads to two fundamental laws 
of chemistry the law of constant proportions and the law of multiple pro- 
portions. These laws, summarizing the results of experiments, are under- 
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stood on the b«asis of the hypothesis that matter consist-s of atoms and 
molecules. 

Quantitative analysis oj gases by volume leads to the law of Gay-Lussac 
and its interpretation by Avogadro’s hypothesis. Molecular formulas are 
based on this result. Although they caimot be rigorously derived, a con- 
sistent system of such formulas (Hg, Clg, Og, HgO) has boon worked out. 

The valence of an atom describes its ability to bind one or several other 
atoms of certain kinds 

The atomic and moleculai’ weights give the weights (or masses) of atoms 
and molecules in terms of an arbitrai'y imit, J i g of tlic weight (or mass) 
of an oxygen atom. 

A new unit of mass is introduced, which simplifies many laws and com- 
putations of chemistry One gram atom is the number of grams given by 
the atomic weight, and 1 gram molecule or mole is tlio number of grams 
given by the molecular weight The number of molocules N contained in 
1 mole is a universal constant, Avogadro's number. 

PROBLEMS 

2.1. Formula of rock saJf. Rock salt is analyzed by weight into 39.3 per cent sodium 
and 60.7 per cent chloiine. What is its chemical formula? 

2.2. Formula of dhylene Ethylene (density untlei' stiimlard coiuhtions = 1 250 
X 10”* g/cm*) is analyzed by weight into 85.62 pet cent carbon and 11,38 per cent 
hydrogen. What is its chemical formula? 


I 
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PART II 

GASES 

We are interested in the study of gases for various reasons. Historically, 
their properties represent the first major field beyond chemistry in which 
the atomic theory, based on the work of Joule, Clausius, and Maxwell, 
succeeded in mterpreting a vast group of observed facts. The theory cul- 
minated in the first determination of the masses and sizes of molecules 
This development began about half a century after Dalton’s application 
of the atomic hypothesis to the fundamental laws of chemistry. In many 
chemical investigations of gases, results of the kinetic theory are applied. 
Furthermore, the study of gases is important for spectroscopic investigar 
tions since only in gases are the individual atoms practically separated 
from their neighbors and exhibit their individual properties by sharply 
defined spectral lines. The properties of gases must be known for the study 
of electric discharges through gases, exhibiting cathode rays and positive 
rays, which yield most important results on the nature of electricity and 
matter. In astrophysics, the kinetic theory of gases enters into the con- 
sideration of stellar atmospheres. Finally, the flow of dectricity through 
metals and from glowing metals is understood by the comparison of the 
electricity contained in the metal with a gas. 

In order to make the kinetic theory of gases accessible to an elementary 
discussion, we shall introduce simplifying assumptions. In Chap. 7 we 
shall report on the results of the refined mathematical treatment, which 
are surprisingly well approximated by our simple methods. 


I 




CHAPTER 3 


EXPLANATION OF PRESSURE 
AND TEMPERATURE 


3.1. Experiments. The first aim of the theory of gases is the interpretar 
tion of the ideal-gas law. This law itself represents an empirical equation 
and, therefore, is independent of any theory. To begin with, we describe 
the set of experiments leadmg to that law. The experimenter has methods 
for measuring the pressure of a gas, its volume, its mass, and its tempera- 
ture The pressure p is measured with a mercury manometer (barometer). 
From its height h the pressure p is computed as p = height X density of 
mercury. This equation yields the pressure in absolute units (dsme/cm®). 
From the volume and mass we compute the specific volume v * volume/ 
mass, measured in cmVg; u is the reciprocal of the more familiar density. 
The temperature t, finally, is defined as the quantity measured by the mer- 
cury thermometer, calling its readings for water at the ice point 0 and at 
the boiling point 100 degrees centigrade (written 100®C) These experi- 
ments lead to the result that at a constant temperature the pressure is in- 
versely proportional to the specific volume (Boyle’s law) ; furthermore that 
the product pv is a linear function of the temperature (Charles’ law). In 
an equation, this experimental result is stated as 

p«-E'(£ + 273) 

where R' is a constant of proportionality specific for the gas under investi- 
gation. The same addend 273 shows up in the corresponding equations 
for all gases. Therefore, it is convenient to introduce a new letter T “ 
t + 273, This we call the absolute temperature, measured in degrees Kelvin 
(written '*K) 

In the next group of experiments, we compare the values of R' (the 
specific gas constants) for various gases and find that R' is inversely pro- 
portional to their molecular weights m This is written as an equation 
R' = R/m, where J? is a constant ot proportionality correlating the various 
gases. Hence R is not speafic for one gas any more but is a universal con- 
stant called the '^universal gas constant.” Now we write the ideal-gas law as 
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where it is understood that the mass is measured in grams. [This equation 
is easily changed, applying Eq. (2.1), into the shape in which it is given in 
most textbooks of chemistry, 

pV = RT (3.2) 

where V is specific volume in cubic centimeters per mole. We shall use 
Eq. (3 1).] 

The numerical value of the universal gas constant R may be computed 
by mtroducing any set of values of p, v, m, and T measured for any gas into 
the ideal-gas law, Eq (3.1), avoidmg excessively high densities. For ex- 
ample, air (avei'age molecular weight m = 29.0) at O^C and a pressure of I 
atm has a density 1 293 g/liter This leads to the value 

iK = 83.1 X 10® ergs/ (mole degree) 

= 1.987 cal/ (mole degree) 

The unit follows from the consideration that p X volume = work. The 
last equation shows that the volume per mole, V, of any gas depends only 
on p and T, not on the nature of the gas, because the molecular weight m 
does not enter mto the equation. A figure familiar to cveiy chemist is the 
volume occupied by 1 mole of any gas under standard conditions. This 
figure is easily computed by introducing T - 273®K and p = 1 atm — 1.013 
X 10® dynes/cm® into Eq. (3.2). The result is 22.4 liters. This is called 
the “molar” volume or “gram-molecular” volume of gases. 

We must examine the validity of the ideal-gas law more closely. For 
our purpose it is not important that at high densities deviations are notice- 
able. At 1 atm, where this law is applied, eg,, m. many chemical investiga- 
tions, it represents a very satisfactory approximation. More difficult is 
the concept of the temperature. Our definition of the temperature is 
limited to the range of the mercury thermometer and, therefore, fails 
below — 39 and above about 550°C. Outside these limits, the statement 
pv = RT/m cannot be based on measurements because we have not defined 
what we mean there by the word “temperature.” All we can do is arbi- 
trarily apply the same statement; in other words, use the same equation 
as the defimiion of the temperature. For the theory of gases this difficulty 
is immatenal since we simply consider the equation as describing experi- 
ments, i.e., consider the temperature range of the mercury thermometer. 

3.2. Kinetic Theory of Gases. The kinetic theory of gases has been 
developed starting from the concept of heat where heat energy is identified 
with the energy of motion of the smallest particles, the atoms and mole- 
cules. It is an obvious picture that in the solid body each atom is bound 
to a eertam position about which it vibrates. When heatmg the solid body, 
we reach the melting point where the motion becomes so violent that the 
atoms and molecules are free to move, but they are still in touch with one 
another. When we heat and finally evaporate the liquid, the atoms and 
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molecules form a vapor or a gas. Since the density of the gas is much 
smaller than that of the liquid, we must assume that in the gas the mole- 
cules do not touch each other but are separated by distances large as com- 
pared with their own diameters. Now their heat motion enables them to 
shoot in straight Imes until they collide with one another or the walls of 
the container We assume that these are elastic collisions. Furthermore, 
we assume that there are no mutual forces acting between the molecules 
except for the repulsion acting while the molecules are in actual collision. 


Supply of steel Balls 



Fig. 3.1. Demonstration of a force produced by elastic collisions. 

Hence between collisions each molecule will travel in a straight line (neg- 
lecting the parabolic curvature of its path caused by the gravitational 
force). For the sake of convenience we shall call the smallest particles 
‘'molecules” although in some gases they are individual atoms. 

For the interpretation of the ideal-gas law we want to understand the 
pressure of a gas. This, in the kinetic theory, is interpreted as the bom- 
bardment of the wall by molecules, a bombardment so rapid that we 
have no chance to distinguish the mdividual molecular impacts but notice 
only their over-all effect as the pressure. This effect of a rapid bombard- 
ment is demonstrated by a steel plate which is hit wdth small steel spheres 
at so rapid a rate that only the over-all effect is noticeable as a force. If 
the steel plate is lying on one pan of a balance (Fig. 3.1), its weight being 
equilibrated by weights on the other pan and, say, 10 steel spheres per 
second are droppmg from a height of 50 cm onto the steel plate, bouncing 
back in elastic impacts, and finally falling down somewhere on the table, 
then this rapid bombardment causes a certain steady deflection of the 
balance, indicating the same effect as that of a uniform force. 



24 


INTRODUCTION TO ATOMIC PHYSICS 


[Sec. 3.2 


The last equation gives us an understanding of the physical significance 
of the temperature. The absolute temperature is proportional to the 
kinetic energy of the rectilinear motion of the molecules. Originally we 
introduced the absolute temperature, T = t + 273, only for the mathemati- 
cal simplification of the ideal-gas law [Eq. (3.1)]. Here Ave find that on the 
absolute scale (or Kelvin scale) the zero has a physical significance; it means 
the ultimate disappearance of molecular motion. 

A summary of this discussion will be found at the end of Chap. 7. 

PROBLEMS 

3.1. IdeaJIrgas law* A bulb of 5.00-cm radius contains 0.400 g of nitrogen at 20®C. 
Compute the pressure (in atm). 

3.2. Composition of air* Under standard conditions the density of oxygen is 1.4290 
X 10”®, that of nitrogen 1.2507 X 10"®, and that of air 1.2928 X 10"® g/cm®. Compute 
the percentages, by volume, of oxygen and nitrogen present in air assuming that air 
contains no other gas. 

‘3.3. Mass of air. Compute the total mass of air contained in a lecture room, 6 m high, 
12 m wide, and 15 m long at a pressure of 1 atm and a temperature of 20°C. (For aensity 
of air see preceding problem.) 

3.4. Force exerted hy homhariirmi, elastic collisions. Construct a demonstration ap- 
paratus in which a rapid bombardment by steel balls produces a force on the pan of a 
balance. Under the assumption of elastic reflection, from what height h must n (« 10) 
steel balls be dropped per second to produce the same force F as a 2.6-g weight resting 
on the pan if each ball hits the pan only once? Take the mass of each steel ball w - 0.4 g 
and neglect friction due to air. 

3.6. Force exerted hy hmnhardirmi, inelastic collisions. A sandbag is bombarded by a 
machine gun shooting horizontally; m = mass of each bullet; n » number of bullets 
per second; c == velocity of bullets. Compute the force F exerted on the sandbag. 



CHAPTER 4 

EXPERIMENTAL TESTS 


In the preceding chapter we failed to derive a theoretical equation for 
the pressure of a gas agreeing with the ideal-gas law representiug the ex- 
periments. There is no contradiction between theory and experiment, but 
the theory fails to introduce the concept of the temperature and, instead, 
predicts molecular speeds. Our next concern is to test the kinetic theory 
by experiments. This is the purpose of the present chapter discussing the 
direct measurement of these speeds, specific heats of gases, and Brownian 
motion. 



Fig. 4.1. Stem’s meMurement of molecular velocities, using a drum revolving at high 
speed. 

4.1. Measurement of Molecular Speeds. Molecular speeds were first 
measured by Stem (1920) about sixty years after the theoretical prediction 
of these speeds outlined in the preceding chapter. This large time interval 
indicates the great technical difficulty of the experiment. 

For this measurement Stem developed the “atomic beam” method 
(Fig. 4.1), which in recent years has found other important applications in 
atomic physics. We shall describe the experimental arrangement used 
later by Zartman. A small capsule containing a little silver is placed in a 
highly evacuated chamber and heated by an electric oven to such a high 
temperature that the silver evaporates. The vapor atoms shoot out of a 
narrow slit (first slit) into the high vacuum and there continue their 
straight paths. Most of the silver atoms are deposited on the walls of the 
container. Some atoms, however, shoot through a second slit, mounted 
parallel to the first slit, in the middle of the chamber, and continue their 
paths as a narrow beam. They, in turn, are incident on the outside wall 
of a metal cylinder with the axis parallel to the slits, which can be rotated 
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at high speed about its axis. In the wall of this cylinder a third slit is cut 
parallel to the axis. Suppose the cylinder is at rest and adjusted so that 
the atomic beam just passes through its slit. Then, gradually, a deposit 
of silver is formed at the rear inside wall of the cylinder, exactly opposite 
to the slit. Next let us assume a rapid revolution of the cylinder. Then, 
most of the time, the silver arriving in the beam is deposited on the outside 
wall of the cylinder and wasted for our experiment. We arc interested in 
the small fraction of the silver atoms that happen to pass through the third 
slit in the moments when it just faces the beam. These atoms need some 
time (diameter /velocity of atoms) to travel to the opposite wall of the 
cylinder. During this brief time interval the cylinder rotates by a small 
angle so that now the deposit is formed not opposite the slit but in a posi- 
tion slightly shifted by the distance s. The same time interval just men- 
tioned may be expressed as s/velocity of surface. Hence, 


Speed of atoms = speed of surface X 


diameter 

5 


Stem’s results agi*ee within the limit of his accuracy with the theoretical 
prediction giving an outstanding confirmation of the kinetic theory of 
gases. We shall mention the method again when discussing the distribu- 
tion of molecular speeds (Sec. 7.1). 

4.2. Specific Heats of Gases. The conventional definition of specific 
heat states: The specific heat of any substance is the quantity of heat re- 
quired to raise the temperature of 1 g of the substance 1°C. Instead of the 
mass imit gram, we introduce the mass unit mole and so write 


Specific heat == 


increase of heat energy of 1 mole 
increase of temperature 


(4.1) 


It has been found that the specific heats of gases depend upon the method 
of measurement. We may measure them either at constant pressure or at 
constant volume. When the gas is contained in a cylinder closed by a pis- 
ton, we keep the volume constant by screwing the piston to a certain posi- 
tion, or we keep the pressure constant by placing a certain weight on the 
piston. The specific heat of a gas at constant pressure Cp turns out to be 
larger than the value obtained at constant volume c^. The difference is 
explained by the idea that, when heating a gas at constant volume, we simply 
impart heat energy to the molecules. However, when we do the same at 
constant pressure, we must do additional work in raising the piston. Since 
we are interested in the energy content of the molecules, we do not pay 
attention to the work required to raise the piston and simply consider Cy, 
the specific heat of the gas at constant volume. 

We begin with the results of experiments. In Table 4.1 we list a few 
representative values of c«. This table makes it evident why we prefer to 
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Table 4.1. Specific Heats of Gases 


Gas 

He 

A 

Hg vapor 

O2 

N2 

CO 

HCl 


Co 

cal/ (mole degree) 

. . . . 3.02 

. . . 2.95 
. . . , 2.94 
.... 5.00 
.... 4.98 
.... 5.01 
. . . . 4.90 


express the specific heats in terms of 1 mole instead of 1 g; it brings out a 
simple relation. All gases known to the chemist as monatomic, i.e., as 
having molecules identical with single atoms (the rare gases, mercury 
vapor), have specific heats of nearly 3 cal/ (mole degree) although they 
differ widely in their atomic weights. Most gases consisting of diatomic 
molecules have specific heats near 5 cal/ (mole degree). A further fact is 
that these values of c» are independent of the temperature and pressure. 
These are the observed facts that we msh to explain. 

The kinetic theory suggests the idea that the heat energy required to 
raise the temperature of the gas is stored in the heated gas as kinetic energy 
of the individual molecules. This idea leads to a simple theoretical pre- 
diction based on the theoretical expression for the kinetic energy of 1 mole- 
cule [Eq. (3.6)]. 

Els of 1 molecule = 


Consequently the total heat energy of 1 mole (or N molecules) 
Ek of 1 mole > 




The specific heat Cv is computed as the increase of this energy when we heat 
the gas from Ti to T 2 divided by this increase of temperature [Eq. (4.1)]; 
hence, 

^ _HR{T2-Tx) 

Ou” ”"2^ 


(4.2) 


This is a surprisingly simple result. It correctly states that the specific 
heats of gases are independent of the pressure and the temperature, as p 
and T do not enter into the last equation. Beyond that, the last equation 
gives the numerical value 

Cv-Hx 1.987 = 2.98 cal/(mole degree) 


This value agrees within the limits of error of the measurements with 
the specific heats of the monatomic gases (Table 4.1). So far we have 
found an experimental confirmation of the kinetic theory. It seems marred, 
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however, by the larger values of the specific heats measured for the dia- 
tomic gases. This discrepancy indicates that we must refine our assump- 
tion, stating that the heat energy of a gas is identical with the kinetic 
energy of the molecules as expressed in Eq. (3.6). Here we shall only re- 
port on the argument without further mathematical derivation. The 
kinetic energy [expressed in Eq. (3.6)] represents only the energy due to 
the rectilinear motion. For the specific heat, however, it is a plausible 
assumption that the diatomic molecule may perform a rotation in addition 
to the rectilinear motion. This makes each diatomic molecule a larger 
reser\mir of energy which takes up more heat energy and so is responsible 
for a larger specific heat. The quantitative treatment, which we omit, 
leads to a specific heat of 4.96 cal/ (mole degree) for the diatomic gas, in 
good agreement with the measurements. 

This is the difference between the two experiments in which the kinetic 
energy of molecules manifests itself: In the specific heat of a gas we must 
consider the total energy content of the molecule, including rectilinear mo- 
tion and rotation (in other cases, not discussed here, also vibration) ; but 
the pressure of a gas is fully explained by the rectilinear motion alone of the 
molecules impinging on a wall, where single atoms and diatomic molecules 
produce the same effect. 

It should be added that in Table 4.1 several odd cases of specific heats 
are disregarded, in particular the fact that the specific heat of hydrogen, 
H 2 , although showing nearly the regular value at room temperature, shows 
considerable variations with the temperature. These are unexplained on 
the simple basis of our kinetic theory and require the quantum theory for 
their explanation. Although additional assumptions are necessary for the 
interpretation of a part of the experimental facts, one may well say that 
the specific heats of gases provide an experimental confirmation of the 
kinetic theory of gases. 

The history of the theory of specific heats is typical of the development 
of a theory. When we find that the theory only partly represents the facts, 
we do not throw it away but try to refine it by additional assumptions. 
At present the ver}’- complicated behavior of hydrogen gas at various tem- 
peratures can be quantitatively accounted for by the advanced develop- 
ment of the quantum theory, which is not discussed here. 

4.3. Brownian Motion. The last experiment to be cited in support of 
our theory has a wider importance in that it demonstrates the perpetual 
heat motion of the smallest particles in gases as well as in liquids. As early 
as 1827, just after the introduction of achromatic lenses, the English 
botanist Brovm discovered that small dust particles suspended in water, 
when viewed through a microscope, show a perpetual, entirely irregular 
motion. The same type of motion can be seen in a gas when we observe 
through a microscope a small oil drop slowly falling down. This irregular 
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motion is incidentally observed in Millikan’s oil-drop experiment (Chap. 9). 
Only the larger drops are falling uniformly while the smaller ones appear 
to perform an irr^ular dance about the average line of their fall. 

Long after the observation made by Brown, this mysterious irregular 
motion was identified mth the heat motion common to all particles. Why 
is it noticeable only in the smallest drops? Individual gaseous molecules 
have sizes so small and speeds so high that there is not the slightest chance 
of observing them under the microscope. The smallest oil drop just ob- 
servable under intense illumination through the microscope behaves Idee 
a giant molecule. Since it has a mass ever so much larger than that of the 
ordinary molecule, its random heat motion is so much slower that it is 
clearly discernible. On the other hand, the larger oil drops, more easily 
observed under the microscope, have such low speeds of heat motion that 
this motion is not noticeable. It is a fortunate coincidence that there 
exists a range where the drops are large enough to be visible and small 
enough to have an easily observed heat motion. In the Bronmian motion 
of tiny crystal fragments suspended in liquids one can distinguish the 
violent motion of the smallest fragments and the slower motion of the 
larger fragments. Odd-shaped fragments show a rotation as well as a 
linear motion. These motions take place only over the smallest distances 
observable under the microscope. Hence the rotation is not observed over 
several revolutions but only over a few degrees followed by another short 
random rotation. 

Brownian motion can be well demonstrated by microscopic projection. 
This is the most direct and striking demonstration of heat motion. 

A summaiy of this material will be found at the end of Chap. 7. 

PROBLEMS 

4.1. Measurement of molecular sj)eed. In his refinement of Stem’s method (Fig. 4.1, 
Sec. 4.1), Zartman used a drum of radius r 5.0 cm revolving at the rate of 241 rps. 
Although he actually measured the velocity distribution of bismuth (partly molecular, 
partly atomic), we are interested only in the average velocity. The shift between the 
zero position and the average displaced position of the metal deposited is measured as 
1.8 cm. To what molecular velocity does this correspond? 

4.2. Specific heat. Compute the numerical value of the universal gas constant, in 
erg/ (mole degree), and the specific heat at constant volume, in cal/(mole degree), of 
helium from the followii^ data: Under standard conditions the density of heli um is 
1.785 X 10"‘ g/cm®. Helium is a monatomic gas of atomic weight m = 4.00. 
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MEAN FREE PATH AND VISCOSITY 


So far, in discussing the kinetic theory of gases, we considered only 
collisions of molecules with the walls, disregarding mutual collisions among 
molecules because they are irrelevant for the computation of the pressure 
exerted by the gas. In the present chapter dealing with the viscosity, 
mutual collisions are all-important. 

6.1. Mean Free Path. Eaily in the history of the kinetic theoiy the 
mean free path was introduced on the basis of the following argument. 
If we uncork an ammonia bottle in one 
comer of a room, we might expect the am- 
monia smeU to be noticeable iustantane- 
ously all over the room since the theory 
tells us that the molecules have a speed of 
several hundred meters per second. As a 
matter of fact, however, the propagation 
of the vapor, made evident by the smell, 
takes a time interval of, say, 1 min. This 
delay was explained by Clausius who as- 
sumed that each molecule, although en- 
dowed with high speed, travels only a short distance in a straight line 
until, by a collision with another molecule, it is deflected. Therefore, its 
path may look like the crooked line sketched in Fig. 5.1. Mutual collisions 
retard the propagation across a room. The figure indicates the mftnning 
of the free path between collisions. As we cannot observe an individual 
free path of a molecule, all we can do is define its average, called the 
“mean free path,” and correlate it with the various properties of the gas, 
the size of molecules, the number of molecules per cubic centimeter, and 
in Sec. 5.2, the coefficient of viscosity. 

Without computation it is evident that the mean free path L decreases 
when the number of molecules per unit volume or their radius r increases. 
This relation is quantitatively expressed as follows (see Fig. 5.2). As an 
approximation we suppose that only one molecule is moving, all other mole- 
cules being at rest. This molecule, when moving over an arbitrary distance 
d, carves out a volume = cross section X distance = irr^d. How many 
other molecules does it hit on its way? It hits not only those whose centers 
are in the volume carved out, but in addition those which intrude into the 
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volume carved out with any small part of their volumes. The centers of 
all these molecules are located in the volume with twice the radius, i.e., 
the volume 7 c(^ryd. Calling n the number of molecules per cubic centi- 
meter, there are mr{2r)H molecules. This is the number of collisions 
suffered by the molecule moving through the distance d. Hence the number 
of collisions in the unit distance is ^wm^dld = and its reciprocal is 
the mean distance between consecutive collisions, which is identical with 


the mean free path L. 


L = 


1 

47rnr® 


(5.1) 


Th 3 equation shows that the mean free path is inversely proportional to 



Molecule 
at Rest 


Fig. 5.2. Free path of a molecule. 


the number of molecules per cubic centimeter, n, hence inversely propor- 
tional to the density or, at constant temperature, inversely proportional 
to the pressure of the gas. 

The long mean free path prevailing at very low pressure can be demon- 
strated by the evaporation in high vacuum of a silver bead. An obstacle 
placed in the path of the evaporating silver atoms throws a sharp shadow, 
which is observed in the silver deposit on the wall. 

6.2. Viscosity. We shall study the viscosity of a gas in order to find 
evidence concerning the mean free path and, indirectly, the masses and 
sizes of molecules. Later, discussing Millikan^s oil-drop experiment, we 
shall meet the same quantity again. 

When moving a body through a liquid or through air, we feel a resistance 
due to friction. Various liquids provide different resistances, and the 
resistance of any one is much higher than that of a gas. This property of 
gases and liquids is called “viscosity.’^ We introduce a definition of the 
coefficient of viscosity when considering the following experiment which, 
at the same time, serves for its most precise measurement. The apparatus 
(Fig. 5.3) consists of two metal cylinders, one, a little smaller than the 
other, mounted coaxially inside the other. The larger cylinder revolves 
at a uniform speed of about 1 rpm. The smaller cylinder is suspended on 
a delicate spring. When the outer cylinder revolves, the inner one tends 
to follow. This indicates that the gas between the cylinders transmits a 
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force from one wall to the other. This force turns out to be independent 
of the material of the cylinders. This is explained by the assumption that 
the layer of gas touching the cylinder does not move with respect to that 
cylinder. This has the same effect as if, for any material of the cylinder, 
its surface consisted of molecules of the gas. The force transmitted de- 
pends only on the gas used. Therefore, all we have 
to consider is the ‘‘internal friction, ’’ since there is 
no noticeable friction characteristic, for example, for 
the combination air-copper. The velocity of flow of 
the various layers between the two cylinders is 
simply a linear function of the distance, as may be 
observed by watching dust particles suspended in the 
gas. 

It has been found by experiment that in each gas 
the force transmitted from the revolving to the non- 
revolving cylinder is proportional to the area and the 
linear velocity ii of the revolving cylinder, and in- 
versely proportional to the distance s between the 
cylinders. The quotient u/s is called the “velocity 
gradient.” This relation is expressed with the help 
of a factor of proportionality 77 , called the coefficient 
of viscosity, which is characteristic for the gas. 



Fig. 5.3. Measure- 
ment of viscosity. As 
the outer cylinder re- 
volves, the torque 
transmitted to the 
inner cylinder is meas- 
ured. 


Force __ u 
Area ^ s 


(5.2) 


From this equation, the unit of rj is easily derived 
as follows 


. dyne sec ^ . 

I mt of 77 == —-3- X — X cm = cm~^ g sec * 
‘ cm^ cm 

For air under standard conditions the value is 

77 = 1.8 X 10"^ cm“^ g sec”^. 


The experiments reported are interpreted in the kinetic theory of gases 
as follows: Let us consider a gas which is enclosed between two parallel, 
plane, horizontal surfaces, a distance s apart, with the lower surface at 
rest while the upper moves \rith a uniform horizontal velocity We 
assume that the layer of gas touching one or the other surface partakes of 
the motion of that surface and that the intermediate layers have flow 
velocities described by the constant gradient u/s. In addition to this, each 
particle has a velocity of thermal agitation, the average value of which is 
much higher than that of the flow. As in the theory of the ideal-gas law, 
we simplify the description of the thermal agitation by assuming that the 
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molecules are moving only along three coordinates, two thirds parallel to 
the surfaces and one third normal to them. This assumption, however, 
applies only to the high velocity of the thermal agitation and does not pre- 
vent us from attributing to the last third of the molecules the additional, 
low horizontal velocity due to the flow. Our aim is to describe the vis- 
cosity in terms of the action of those molecules which move between 
layers flowing with different velocities. Since those molecules whose 
velocity of thermal agitation is in planes parallel to the two surfaces do 
not travel to other such planes and hence do not contribute to the viscos- 
ity, we shall not mention them any more. 

The viscosity is explained by the action of those molecules which move 
in the direction normal to the surfaces. We shall express the force which 
these molecules produce in the direction of the flow in terms of Newton’s 
second law 

„ change of momentum 

Force = ^ r-r 1 

time interval 

When the molecules move downward they pass from fast flowing layers 
into slower ones. We assume that a molecule in any layer, by collisions, 
takes up the horizontal flow velocity of the layer. A molecule moving 
downward causes a loss of momentum of flow of an upper layer because 
this layer loses the body of mass p flowing with the velocity of the particu- 
lar layer, hence endowed with the corresponding momentum in the direc- 
tion of the flow. At the same time the lower layer gains the same momen- 
tum. First we compute the combined action of many molecules per unit 
area and time, all moving downward. Next, we shall apply the correspond- 
ing argument to the molecules moving upward^ in our example from a layer 
of lower into one of higher flow velocity. TTie resulting change of momen- 
tum per unit area and time, hence the resulting force per unit area, is given 
by the difference between these two contributions. The same resulting 
force, which is exerted by each layer on its lower neighbor, ultimately acts 
on the lower surface and there is observed as the effect of the viscosity of 
the gas. The equal and opposite force is exerted by the lower on the upper 
surface as is postulated by Newton’s third law which states that to every 
force there is an equal and opposite reaction. 

We compute the momentum per unit area and time transferred through 
an arbitrarily selected horizontal plane. If we call n the total number of 
molecules per unit volume, then n/6 molecules per unit volume are moving 
downward and the same number upward. The number of molecules pass- 
ing downward through a unit area of any layer in a unit time is the sum 
of all those contained in a cylinder whose base is equal to a unit area and 
whose length is equal to the distance traveled by a molecule in a unit time, 
f.c., wc/6 (c = velocity of thermal agitation). 
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Molecules passing downward through such a 
plane will, on the average, travel a distance 
given by the mean free path L before they suffer 
collisions. On the average the molecules come 
from a layer at a distance L above the plane 
considered (Pig. 5.4) and leave this layer while 
endowed with the corresponding momentum in 
the direction of the flow /iWi. Hence, we ex- 
press the resulting momentum per unit area and time transferred by all 
molecules, traveling do\vnward and upward through the plane, as follows: 

fiC 

Horizontal momentum transferred from layer above = 

0 


-W2 


Fig. 5.4. Flow velocity in a 


Horizontal momentum transferred from layer below = 

o 


where is the flow velocity of the layer one mean free path below the 
plane considered. Since we assume that Ui > iiq, there is a resulting mo- 
mentum transferred downward: 

TIC 

Horizontal momentum per unit area and time = — 7 ^ 2 ). 


This is identical with the horizontal force per unit area exerted on each 
lower layer by its upper neighbor 


Force 

Area 




In particular, this gives the force per unit area exerted on the lower surface 
of our apparatus which is due to the motion of the upper surface and is 
transmitted through the gas. 

In our approximation, the layers endoAved with the flow velocities 7/1 
and U 2 , respectively, are the distance 2L apart. Hence, we can write the 
velocity gradient (7^l — 772 ) /2L = 74 / 5 . Introducing this expression into 
the last equation we obtain 


Force 

Area 



Since nix is the density, or the reciprocal specific volume l/v^ we rewrite 
the last equation 

Force _ cLu 
Area " 3t; s 


The result of the kinetic theory agrees with that of the experiment in 
that both give force/area as proportional to the velocity gradient w/s. 
Considering the other factors, however, our theory leaves us in the same 
situation as that of the ideal gas law (Sec. 3.2); our theoretical result 
[Eq. (5.3)] is not simply identical with the result of measurements [Eq. 
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( 5 . 2 )]. Therefore, only in a tentative way subject to experimental tests 
can we compare the two results for force/area and so finally obtain the 
relation 



(5.4) 


If our theory is correct, we can compute the mean free path L from the 
measured quantities rj and v and the thermal speed c, computed earlier 
[Eq. (3.5)]. The result for air imder standard conditions is L = 0.9 
X 10“® cm. 

In discussing the experimental confirmation of the theory of viscosity, we 
only mention the pressure effect. The theory predicts that in the expres- 
sion for the viscosity rj [Eq. (5.4)] the factor 1/v is proportional to the pres- 
sure, the factor L inversely proportional, the other factor independent; 
hence the viscosity 17 should be independent of the pressure. In the early 
history of this theory, before measurements were available, this prediction 
was considered to be in obvious disagreement with common sense. It was 
argued that in high vacuum no force at all is transmitted between the two 
surfaces (Fig. 5.3). Hence the viscosity must be a function which goes 
down to zero for zero pressure. Clausius reconciled this objection with 
the kinetic theory by pointing out that the theory is based on mutual 
collisions between molecules and, therefore, is valid only within a range of 
pressures in which the mean free path is small as compared to the dimen- 
sions of the vessel. The theory is expected to be inapplicable when high 
vacuum is approached. This vieAV of Clausius was borne out by experi- 
ment. The coefficient of viscosity, defined by Eq. ( 5 . 2 ), was observed to 
be independent of the pressure over a very riide range but not at the very 
lowest pressures. Thus, ultimately the measurements confirm the theory. 
For the lowest pressures, a different theory has been developed, disregard- 
ing mutual collisions, taking into account only collisions with the w'alls. 
We shall not discuss this theory which, for its range, leads to different 
results and is of importance in modem high-vacuum technique. 

A summary of this discussion will be found at the end of Chap. 7. 


PROBLEM 

5.1. T isrosity of air. Tn the apparatus of Fig. 5.3, Sec. 6.2, the suspended inner 
cylinder has a radius r = (J.4() cm and a length L — 20.0 cm. The outer cylinder has a 
radius 0.200 cm larger and revolves once iu 60.0 sec. The torque so exerted on the 
inner cylinder i.s 4.08 dyne cm. ('ompute the viscosity of air. In actual practice ac- 
curate results arc ol)tuitind hy means of a more refined apparatus. 



CHAPTER 6 


MASSES AND SIZES OF ATOMS, 
AVOGADRO’S NUMBER 

6.1. Measurements on Gases. In our discussion of chemistiy (Part I) 
we weie able to determine only relative atomic and molecular weights, 
i.e., weights based on an arbitraiy standard {;l i6 of oxygen atom). In 
the kinetic theoiy we went a step further by introducing the masses /u of 
the molecules (measured in grams) and their radii r. Can we compute 
these quantities on the basis of measurements on gases? In order to answer 
this question, we must find out whether the theory provides as many inde- 
pendent equations as there are unknowns. If so, we shall be able to com- 
pute the unknowns. Here we consider as unkrmm any quantity not 
directly accessible to observation, i.e., the velocity c of the molecules, 
their mean free path L, their mass n, their radius r, and their number per 
unit volume n. On the other Sand, known are the quantities whose numeri- 
cal values can be measured, as the pressure p, the density of the gas 8g 
(or its reciprocal, the specific volume u), and the coefficient of viscosity t?. 
Let us assume that all these quantities have been measured for one specific 
gas, e.g., air, under well-defined conditions. 

The first two steps of the computation of the unknowns have been men- 
tioned already. The theoretical expression for the pressure = c*/3 
[Eq. (3.4)1 permits us to compute the munerical value of the velocity c. 
Next, the theory of the viscosity leads to the equation t] = cL/Zv [Eq. (5.4)] 
in which now the mean free path L is the only unknown. Hence, for the 
future, we list the numerical values of c and L among the krwwn quantities. 
The computation of the other unknowns is more involved. We have only 
two more equations at our disposal: Sg = np, and L = l/iimr^ [Eq. (5.1)]. 
Since they contain three unkrmons {n, p, and r) we must find one more inde- 
pendent equation. This is done as follows: Suppose we liquefy the gas, 
in our example air. In the liquid all molecules touch one another and so 
fill the space uniformly. 

.\s we assume spherical molecules, we might take into account the empty space left 
between tightly packed spheres. But it seems futile to do so since the shape of the mole- 
cules is unknown. It is better to admit that we are dealing with an approximation. 

The density of the liquid Si, which is easily measured, is defined as the 
ratio of mass/volume. The same ratio that is conveniently measured for 
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several cubic centimeters of the liquid would be obtained for any smaller 
quantity, in particular for the smallest quantity existing, i.e., the individual 
molecule. So we obtain one more equation 

f M 

* 47rr®/3 

in which we express the volume of the molecule as that of a sphere. Since 
this equation contains only the same unlmowns as the last two equations 
mentioned, we are now able to compute all unknowns. Omitting the simple 
algebra, we list the results for air at atmospheric pressure and the tempera- 
ture 22®C. (Good measurements of the viscosity are available only for 
this temperature.) 

The known quantities are taken from tables of physical constants: 
p = 1.013 X 10® dynes/cm^, Sg = 1.196 X 10“® g/cm®] (at 295°K), - 1.824 

X 10*^ cm~^ g sec“i, Si = 0.920 g/cm®. The unknowns result as follows: 

c - 5.0 X 10^ cm/sec L = 0.91 X 10“® cm 

r = 3.5 X 10-8 cm ^ = 1-7 X 10 ““ g 

n = 0.70 X 10^® cm-® 

It is a surprising conclusion that in “high vacuum,’’ as produced at the 
laboratory (10-^ mm mercury), there are still 4 X 10® molecules per cubic 
centimeter. 

In this computation of the molecular constants we do not use the molecu- 
lar weight. This enters only into the computation of the number of mole- 
cules per mole, i.e., Avogadro’s number N. N is computed from m = NfJi 
.[Eq. (2.3)] yielding iV = 1.7 X 10®® mole-^, assuming an average molecular 
weight 29.0 for air molecules.* 

This determination of the molecular constants typifies the method of 
atomic physics. We measure quantities that are all defined independent 
of the concept of molecules. For example, the viscosity is defined in terms 
of a force, a velocity, and a distance. Next we interpret these quantities 
on the basis of processes in which molecules are involved. Thus we derive 
equations from which we finally compute the numerical values of the char- 
acteristic constants of molecules although these values are very far beyond 
the range of direct observation. 

The argument presented here led to the first determination of these 
constants (Loschmidt, 1865). The results of this method are by no means 
so accurate as the results of modern methods based on electric measure- 
ments (Sec. 9.2). Nevertheless the reader will realize how great the prog- 
ress due to this theory has been when he remembers that in the earlier 
period it was Imown only that molecules are smaller than any distance we 

*The method presented here lends itself to the determination of the molecular 
constants in the laboratory (see Appendix 2). 
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can see xinder the microscope and lighter than any weight we can weigh 
on a balance. For forty years the figures given above were the only results 
available regarding molecular dimensions. Their lack of accuracy is due 
only partly to the crudeness of our mathematical treatment. There is still 
another reason for this lack. We introduce the radius r of the molecules 
and so assume that each molecule is a sphere with a sharply defined surface. 
Later we shall learn that all atoms and molecules consist of electric charges 
and, therefore, are surrounded by electric fields. 
Hence the size of a molecule is not so well defined as 
the size of a billiard ball but as ill defined as the size 
of a ball of soft wool, possibly of odd shape. From 
the kinetic theory of gases we can never hope to de- 
rive accurate numerical values of the moHscs of mole- 
cules because their poorly defined sizes enter into the 
equations. However, with electrical methods (Sec. 
20.4) relative values of molecular masses are deter- 
mined to six or seven significant figures. 

6.2. Molecules in Solution; Emulsions. An inde- 
pendent determination of Avogadro’s number N was 
performed by Perrin (beginning 1908) who investi- 
gated an emulsion, i.e., a liquid in which fine particles 
are suspended. A discussion of this method will give 
us an opportunity to apply the laws of the kinetic 
theory of gases to an entirely different system, to 
molecules in solution or small particles suspended in 
a liquid. This new application greatly extends the 
scope of the kinetic theory of gases. It is known that 
the cells of living organisms are enclosed by a membrane through which 
water can pass but which blocks the passage of certain more complex sub- 
stances dissolved in the water. Such membranes, called ‘^semipermeable,” 
can be artificially produced. The effect of such a membrane on a solu- 
tion, e.g,, of sugar, is demonstrated by the experiment shown in Fig. 6.1. 
A concentrated sugar solution is put into the inner container closed at the 
bottom by the semipermeable membrane. When this container is immersed 
in pure water, the water gradually penetrates from outside into the sugar 
solution and so raises its level until a well-defined inside pressure is built up. 

Van^t Hoff (1886) interpreted the process described by assuming that 
the sugar molecules behave like molecules of a gas. This tends to expand 
as much as possible within the container which here is represented by the 
watef . But since their motion is blocked by the membrane, all that can 
happen is that the water passes through the membrane into the solution 
and so provides a larger container for the sugar. This continues until so 
high a hydrostatic pressure is built up in the inner container that no more 



Fig. 6.1 
pressure. 


Osmotic 
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water passes through the membrane. This value is called the “osmotic 
pressure” of the solution. It is striking that this correlation between a gas 
and a solution is even quantitative. According to the gas law, 1 mole of 
any gas at 20®C in a container of 22.4 liters exerts a pressure of 1.07 atm 
(Sec. 3.1). Correspondingly 1 mole of sugar dissolved in 22.4 liters of 
water has an osmotic pressure of nearly 1.07 atm. 

This is a special case of van’t Hoff’s law, which states that the osmotic 
pressure of a solution is nearly equal to the gas pressme that the dissolved 
substance would exert if it were a gas of the same temperature occupjdng 
the volume offered by the solvent. This discovery opens up a new field 
for the application of the kinetic theory of gases. 

This simple law, however, is restricted to solutions that do not conduct electricity. 
The osmotic pressures are higher than here predicted in electrically conducting solutions. 
This deviation from the law can be explained by the assumption that the conductivity 
of a solution is due to the dissociation of the dissolved molecules into positively and 
negatively charged particles (Sec. 8.1). The increased number of dissolved particles 
so generated fully explains the higher value of the osmotic pressure observed. 


The comparison of gases and solutions enabled Perrin to make an inde- 
pendent determination of Avogadro’s number. First, going back to gases, 
we consider the distribution of a gaseous atmosphere. A horizontal slice 
(area A, between two planes at the lower and upper heights h and h') of 
the atmosphere is assumed to be so thin that the pressure difference be- 
tween the two heights p - p' is small as compared with the total pressure. 
We want to express this difference p — p' in terms of the gas law. The pres- 
sure difference is caused by the weight of the air contained in the slice; hence, 

, force g X mass 
^ ^ area A 

(for the notation see Sec. 3.1). Since mass = volume/specific volume, we 
write the same relation, applying the ideal^as law, 


On the right side p means an average pressure which is approximately 
p or p'. Hence 


Since we presuppose constant temperature, we can replace p'/'p by yi'/n 
(n = number of molecules per cubic centimeter), 



n 


w-h)^ 


The last equation shows that an experimenter who determines the densities 
of the gas at two adjacent levels can then derive its molecular weight m. 
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Now we go back to the molecules dissolved in a liiiuid. According to the 
correlation between a gas and a solution, the same law is expected to apply 
to molecules of any kind dissolved in water. For common molecules like 
sugar, m would be so small tliat the atmospheric decrease of the concentra- 
tion would be noticeable only by considering a column of great height. 
Perrin boldly applied the same law to the distribution in water of heavy 
particles, large enough to be visible under the microscope. He considered 
them to be colossal molecules. This was suggested by the fact tliat the 
Brownian motion of such particles can well be described by the kinetic 
theory, simply by treating such particles as huge molecules (Hoc. 4.3). In 
such an “emulsion” a considerable change in the distribu(.ion is noticeable 
within heights of a few centimeters or even millimetens. 

This t hen was the procedure of Perrin. He used microscopic particles 
of a certain resin (gamboge). First, ho separated particles of nearly uni- 
form mass using a centrifuge to hurl the larger particles farther away from 
the axis than the light ones. This process of separation, which has to be 
repeated many times, may take several months. Next, by various proce- 
dures he determined the mass fi of the individual, rather uniform particles; 
for example, observing a row of particles, he measured their size under the 
microscope; furthermore, he measured their density as that of a liquid in 
which they neither rise nor sink. Finally, in a suspension in water ho ob- 
served the distribution with height under the microscope, simply counting 
particles at various heights. This gave the figure for n'/ n. (As ho actually 
covered a wider range of height, he had to apply a more general equation 
derived from our equation above by integration, see Prob. 6.3.) 

The equation given above, derived for molecules of a gas had to be modi- 
fied for the emulsion by introducing the buoyancy due to the suspension 
of the particles in water. For this purpose, in the above equation (writing 
Nfi instead of m) we replace the mass of the individual particle fi, by 
(fi — volume X 5„). A simple calculation leads to the final formula 



where Sa, and 8p = density of water and particle, respectively. Since all 
other factors were knoAvn, Perrin computed Avogadro’s number N. 

His result was between 6.5 and 7.2 X 10“ molecules per mole. This is 
much more accurate than the result reported above (Sec. 6.1) obtained 
more than forty years earlier. For years this was the best deteimination 
of Avogadro’s number until it was superseded by the result of Millikan’s 
oil-drop experiment (Chap. 9). Perrin obtained similar results by the 
measurement of the Brownian motion of the same particles that he com- 
pared with a statistical theory not to be discussed here. 

A summary of this discussion will be found at the end of Chap. 7. 
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PROBLEMS 

6.1. Molecular quantities. Argon (molecular weight - atomic weight * 39.9) under 
standard conditions has a density 5^ = 1.783 X 10"® g/cm® and a coefficient of viscosity 
ri = 2.10 X 10"^ cm'i g sec"L Liquefied argon has a density 5i = 1.40 g/cm®. From 
these experimental results calculate the following molecular quantities: the velocity c, 
the mean free path L, the number of collisions per second suffered by a molecule, the 
number per cm® w, the diameter 2r, and the mass /i. Fiuthermore, compute Avogadro’s 
number N. 

6.2. High vacuum. A pressure of 10"^ mm of mercury is considered to be ^‘high 
vacuum.” For this pressure and a temperature of 22°C compute the number per cm® n 
of air molecules, their mean free path L, and the mean time t between consecutive 
collisions, applying the numerical results derived in the text (Sec. 6.1). 

6.3. Perrin's determination of N (calculus problem). In the text w'e assumed that Perrin 
measured the densities n and n' of suspended particles within a difference of height so 
small that n — n' w^as small as compared with n. From the formula of the text derive 
the more general formula that applies for a wide range of height and correspondingly 
wide range of n. 

Hint: (a) Starting from the formula for p — p\ express An( = n — n') in terms of 
i^(^W — h) and n. For the integration the equation must express the fact that n is 
decreasing for increasing h. (b) Write all quantities referring to n on the left side, 
(c) Write the general integral that contains a constant of integration, (d) Determine 
this constant in terms of the number no which obtains for h = ho. (e) Write n as a 
function of h introducing the exponential function. 

Comment: The distribution of the pressure in the ‘‘isothermal” atmosphere is 
described by the corresponding law’ with identically the same exponent. 



CHAPTER 7 

REPORT ON FURTHER DEVELOPMENTS 


This last chapter on the kinetic theory of gases will give a brief report 
on some further developments of the theoiy, omitting the mathematical 
treatment. 

7.1, Majcwell’s Velocity Distribution. In the theory of the ideal-gas 
law we simplified the treatment by the assumption that all molecules have 
the same velocity. This obviously does not agree with the properties of 
the real gas. When 2 molecules (or billiard balls), both with the same 
velocity, collide, they will have different velocities after the collision, e.vcopt 

in some special cases. Therefore, in 
the real gas, collisions among the 
molecules should have the effect of 
bringing about a distribution of 
velocities, presumably without 
sharp limits at low or high velocities. 
Maxwell (1860) derived the law ex- 
pressing this distribution of veloci- 
ties. Suppose that we were able to 
explore a very large number N of molecules by measuring the velocities c of 
the individual molecules picked out at random. Their directions do not 
show any preference; therefore, we pay attention only to the absolute 
values of their velocities. We divide the whole range of speed arbitrarily 
into very small steps Ac. For each of these steps we may imagine that 
we count the number of molecules AJV having this particular speed. AAT /JV 
is the fraction of molecules belonging to each step. We may call AN /N 
the probability of finding a molecule having the speed associated with a 
certain small step. 

Although there is no such technique by which we may explore the speeds 
of individual molecules in the manner here described. Maxwell succeeded 
in deriving the mathematical law for this probability as a function of the 
velocity. We refrain from reporting the complicated formula and instead 
describe the law by the family of curves given in Fig. 7.1. In our approxi- 
mation (Sec. 3.2) we found that the one and only molecular speed c intro- 
duced into the theory is complet ely defined by the temperature and the 
molecular weight, c = y/ZRT/m [Eq. (3.5)], irrespective of the pressure. 
Correspondingly, Max\vell found that the temperature and the molecular 
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Fig. 7.1. Maxw'ell's velocity distribution. 
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weight completely define the velocity distribution. The arith metical 
average speed is derived from the distribution law as c = y/2RTjm, a result 
not very different from the one speed we postulated in our approximation. 
Figure 7.1 gives the curves for two different temperatures. For the further 
illustration of the distribution law, Table 7.1 gives the percentage of 
oxygen molecules at 0®C to be found in the various ranges of velocity. 

Tcible 7.1. Velocity Distribution of Oxygen Molecules at (fO 


Velocity 

Per Cent 

Range, 

of the 

m/sec 

Molecules 

0-100 

1.3 

100-200 

8.1 

200-300 

16.7 

300-400 

21.6 

400-600 

20.3 

500-600 

15.2 

600-700 

g.2 

Above 700 

7.7 


Later, in the theory of electrons in metals, we shall be concerned with 
the fact that Maxwell's distribution curve has no sharp upper limit. Hence 
for any given high speed there is always a certain probability of finding 
some molecules, although this probability is very small for speeds far ex- 
ceeding the average. This probability increases rapidly with increasing 
temperature. 

Since in Stem's measurement of molecular speeds (Sec. 4.1) the difficult 
technique was not yet fully developed, only a rather inaccurate determina- 
tion of the average speed could be made. Later Zartman refined the 
method and measured the distribution in good agreement with Maxwell's 
theoretical prediction. 

7.2. Mathematical Refinement The beginning student may be dis- 
appointed by the crudeness of our approximations and interested in a com- 
parison of our results with those of a refined analysis that requires a much 
more advanced mathematical treatment. This comparison is given in 
Table 7.2. 


Table 7.2. Comparison of Approximate and Refined Methods 


Approximation 
pv = 

L = ll4:Tnr^ 
rj - cL/Sv 


Refined Method 
pv = ?/3 _ 

L = 1/V2 4xn/« 
1 ] = cLfSv 


In the approximation, c is the one and onljr molecular velocity considered. 
In the refined formula c means the arithmetical average of all molecular 
velocities and the arithmetical average of the squares of all velocities. 
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It is surprising how closdy the results of our approximations and the 
refined computation agree. We are sure, to start with, that the approxima- 
tion would not contain, for example, the factor /•* where the coirect formula 
would write A This would make the dimensions of the approximate 
formula mong and could only be the result of a blunder, not an approxima- 
tion. But beyond that, even the numerical factors of our approximate 
equations are not very far off. 

SUMMARY OF CHAPTERS 3-7 

The first aim of the kinetic theory of gases is the interpretation of the 
ideal-gas law pv = RT/m. The pressure exerted by a gas on a wall is repre- 
sented by the rapid bombardment of the wall rvith molecules which leads 
to the theoretical result pv - (4/3. The comparison of these two equations 
furnishes a formula for the speed c of molecules. This theory is confirmed 
(1) by Ster-n’s measurement of molecular speeds, (2) by its application to 
the specific heat problem, (3) by the Brownian motion. 

While in this first section we considered only collisions of molecules with 
the waEs, in the next section we consider mutual collisions among mole- 
cules. The mean free path L of molecules is expressed in terms of their 
number per imit volume n and their radius r as L = 1 / The viscosity 
of a gas is interpreted by the exchange of momentum between adjacent 
layers of the flowing gas caused by the molecules that exchange places by 
their thermal motion. This idea leads to the theoretical equation for the 
coefficient of \dscosity = cL/Zv. 

The equations of the kinetic theory (supplemented by an eqrration for 
the density of the liquefied gas) furnish the numerical vahtes of the charac- 
teristic constants of molecules, their speed c, mean free path L, mass ju, 
radius r, and number per unit volume n. Furthermore, this yields a value 
of Avogadro’s number JV, the niunber of molecules per mole, which can be 
determined independently by applying the law of atmospheres to the dis- 
tribution of small particles suspended in a liquid. 



PART III 

STRUCTURE OF ELECTRICITY 


After studying the atomic structure of matter as manifest in chemistry 
and later applied in the theory of gases, we turn to the experiments that 
reveal a similar structure of ekdricity. Our first aim is to find mass and 
charge of the smallest particles observed. Our ai’gument will follow largely 
the historical development. 




CHAPTER 8 

DETERMINATIONS OF 6/n 


8.1. Faraday’s Law of Electrolysis. We shall discuss electrolytic con- 
duction, i.e., electrical conduction through certain liquid solutions, only 
from a special point of view, namely, that of finding evidence of the struc- 
ture of electricity. We shall discuss only briefly the experimental evidence 
expressed in Faraday’s law of electrolysis as this law is discussed in ele- 
mentary courses of chemistry and physics. 

When an electromotive force of a few volts is connected with two plati- 
num electrodes dipping into an aqueous solution of hydrogen chloride, HCl, 
we observe that hydrogen gas is bubbling out at the negative electrode, 
the cathode, and chlorine gas at the positive electrode, the anode. The 
volumes of the gases so developed are equal and proportional to the quan- 
tity of electricity, i.e., the product of the current and the time. In another 
experiment, water is decomposed by an electric current. (Here we disre- 
gard the fact that pure water does not conduct the current and that we 
must dissolve, for example, sulfuric acid in the water in order to make it 
conducting.) In this case the same quantity of electricity used for the 
decomposition of HCI develops the same volume of hydrogen at the cath- 
ode, but only one-half of this volume of oxygen at the anode. Both results 
have in common the fact that the gases developed at the cathode and anode 
are equivalent, meaning that, when they are recombined, the original sub- 
stances HCl and H 2 O, respectively, are formed without any residue left. 

Hydrogen atoms and all metallic atoms are liberated or deposited at the 
negative electrode. As this indicates that they carry positive charges, they 
are called “electropositive.” Correspondingly, chlorine, oxygen, and re- 
lated atoms that are liberated at the positive electrode are called “electro- 
negative.” 

Faraday coirelated these observed facts in the general law 

Mass liberated _ i ^ weight ,g y. 

Quantity of electricity F valence ' 

Here the mass is measured in grams, not gram atoms. 1/F is a constant 
of proportionality indicating that for any substance the ratio mass/quantity 
of electricity (called “electrochemical equivalent”) is proportional to the 
atomic weight and inversely proportional to the valence. F represents a 
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new universal constant called the “Faraday constant.^^ The significance 
of this constant F is evident when we rewrite the equation as follows: 

_ quantity of electricity (coulombs) ^ atomic weight 
” mass (grams) valence 

Here the units in the parentheses indicate that these are the units applied 
'for the determination of the numerical value of F given below. We sim- 
plify this equation with the help of Eq. (2.2) and so obtain 

p - qua^ntity of electricity (coulombs) ^ 1 

mass (gram atoms) ^ valence ^ ^ 

This equation shows that the Faraday constant F gives the quantity of 
electricity (in coulombs) carried by 1 gram atom of a univalent substance. 
One gi'am atom of a bivalent substance carries twice this amount, etc. 
The most accurate determination of this univei*sal constant yields the 
value F = 96,488 coulombs/gram atom. 

So far we have discussed Faraday^s law as it was discovered in 1834, 
although we have used modern terminology. We shall understand this 
law better when, according to Stoney (1874), we ask: How large a quantity 
of electricity is carried by one individual atom? The answer is based on 
the rule stating that 1 gram atom consists of N atoms. 

N atoms of a univalent substance carry F coulombs 
1 atom of a univalent substance carries F/N coulombs 
1 atom of a bivalent substance carries 2F/N coulombs, etc. 

The striking result is that any univalent charged atom, irrespective of its 
other chemical properties, carries the same quantity of electricity. This 
is unexpected because one might guess that different atoms would repre- 
sent electrical carriers of different capacity. It is still more unexpected 
that any bivalent charged atom carries exactly twice this amount, etc. 
This led Stoney to the conclusion that here is a manifestation of a funda- 
mental property of electricity: Electric charges can be subdivided only 
into very small quantities, each of the value F/N. These units of electric 
charge Stoney called “electrons.” Hence, 

F 

Charge of electron = ^ (8.3) 

Here the question remains open Avhether these electrons discovered in 
electrolysis are positive or negative charges or whether electrons of both 
signs exist and form compounds with the originally neutral atoms. On 
the basis of this new concept we can briefly restate Faraday's law: Each 
valence of a charged atom carries one electron. The reader may verify that, 
starting from this statement, we may derive the previous form of Faraday's 
law. 

As far as this argument goes, the value of the electronic charge is un- 
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known because the value of Avogadro^s number N has not yet been deter- 
mined. Here we refrain from introducing the crude estimate of N based 
on investigations of gases. Instead we shall use the last equation for the 
computation of N after having discussed Millikan^s independent deter- 
mination of the charge on the electron. 

Considering the present emphasis on atomic physics in which all possible 
properties of matter are interpreted in terms of properties of atoms, it is a 
strange historical fact that it took as much as forty years to find that in 
electrolysis the atoms carry electric charges represented by simple multiples 
of a fundamental charge. This important theoretical conclusion is based 
only on Faraday’s law (1834), Avogadro’s rule (1811), and, we may add, 
the assumption that the total charge observed is equally distributed over 
the atoms deposited. 

Finally we must express Faraday’s results in different terms in order to 
make them comparable with the results of later experiments on gases 
and vapors. Faraday measured the electrochemical equivalents, mass 
(g) /quantity of electricity (coulombs), of the various elements. As this 
ratio is characteristic for any element, it should be the same for any amount 
of the element, in particular for the smallest amount that exists, i.e., the 
individual charged atom. Thus we have determined the ratio of mass 
to charge (in g/coulomb) of the charged atoms responsible for the con- 
ductivity of the solution. We shall indicate such masses and charges of 
the elementary particles with greek letters /x and e. In investigations of 
the various electrical rays, it is conventional to characterize them by the 
reciprocal ratio e//x, called ‘^specific charge.” In electrolysis, for charged 
hydrogen atoms (written H+), this ratio is computed as 


(^) 9-578 X 10^ coulombs/g 

= 9.578 X 10® emu/g 


It is evident that this is the largest value of e//x observed in electrolysis 
because all other atoms have larger masses; their atomic weights cover the 
range from unity for hydrogen, the lightest atom, to 238 for uranium, the 
heaviest atom found in nature. 

We shall discuss only briefly Arrhenius’s theory of electrolytic conduc- 
tion (1887). Arrhenius assumed that in the solution, although as a whole 
it is neutral, charged atoms (called ^'ions,” t.e., migrators) like H+, Cl"", 
exist in equal concentration and are pulled by the electric field to the 
respective electrodes. Are such ions present once and for all in the solu- 
tion or do we generate them by applying the electric field between the two 
metal electrodes? It has been observed that, even for the weakest electric 
fields, the conductivity of the solution has its full value. Hence we must 
assume that such ions do exist once and for all. Water solutions in particu- 
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lar have high conductivities. Therefore, we must attribute to water a 
particular power of breaking up neutral molecules like HCl or NaCl into 
equal numbers of positive and negative ions. In our discussion of solutions 
as compared with gases (van’t Hoff^s law, Sec. 6.2) we mentioned electro- 
lytic dissociation as an explanation for the abnormally high values of the 
osmotic pressure. 

In the present discussion of electrolysis we limit ourselves to the simplest 
cases. In textbooks of chemistry more complicated phenomena are dis- 
cussed caused by the occurrence of more complex ions and secondary re- 
actions at the electrodes. 


Anode 



Fig. 8.1. Electric discharge (in right bulb) with cathode ray and positive ray. 

8.2. e/ju of Cathode-ray Particles. In electric discharges through 
gases at low pressure there are observed cathode (or negative) rays and 
positive rays, both of which are found to be of corpuscular nature. By an 
experimental technique entirely different from electrolysis, the ratio of 
charge to mass, e/ju, of these corpuscles is determined and compared with 
the values obtained in electrolysis, 

a. Electric and Magnetic Deflection, Figure 8.1 shows an electric dis- 
charge tube consisting of two spherical bulbs connected through a narrow 
neck. The discharge is produced in the right bulb between the anode (the 
plate connected with the positive terminal of a power supply) and the 
cathode (the cylinder occupying the neck, connected with the negative 
terminal). The function of the left spherical bulb will be discussed in the 
section on positive rays (Sec. 8.3). A power supply provides several 
thousands or tens of thousands of volts. The gas consists, for example, 
of hydrogen or mercury vapor at a pressure of a few thousandths of a 
millimeter. A discharge fills the whole right bulb uniformly with dim 
light. Furthermore, there is a straight ray, brighter than the discharge, 
emanating from the front surface of the cathode, crossing the bulb, and 
producing fluorescence of the opposite glass surface. This ray is called 
a “cathode” ray. An obstacle placed in its path casts a shadow on the 
glass surface and so confirms the fact that the phenomenon is a ray coming 
from the cathode. 
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The nature of this ray is revealed when a magnet is brought near by. 
Even the weak magnetic field surrounding a steel magnet causes a de- 
flection of the cathode ray. WTien in the apparatus of Fig. 8.1 the north 
pole of the magnet is placed near the front of the tube, the cathode ray is 
deflected downward. If an electric current in the conventional sense, con- 
sisting of 'positive charges, were to emanate from the cathode, it would be 
deflected upward. We conclude that the cathode ray consists of nega- 
tively charged particles. This is confirmed when we let the cathode ray 
pass through the space between two parallel metal plates connected to a 
battery. (The potential difference supplied to these plates should be much 
smaller than that feeding the discharge; otherwise another independent 
discharge would be started.) The electric field between the metal plates 
deflects the cathode ray in a direction indicating negative charges coming 
from the cathode. 

A quantitative study of the deflections caused by magnetic and electric 
fields was made by J. J. Thomson. By way of introduction let us review 
the forces exerted by such fields on electric charges. The electric field E 
between plane plates of a condenser (distance d) connected with a battery 
of electromotive force F is = V/d, The force exerted by this field E on 
the charge e is Ee ; it is directed parallel to E, A wire of length L carrying 
a current / when placed in a magnetic field H directed perpendicular to 
the wire is acted upon by the force - iLH, The direction of this force is 
perpendicular to that of the whe and that of the magnetic field. We 
want to apply this fundamental law to the cathode ray which represents 
a current although it does not flow through a wire. We suppose that this 
special current consists of many charged particles shooting along the ray. 
By a computation which is relegated to a problem we derive the force 
exerted by the magnetic field H on the charge € moving with the velocity 
V perpendicular to H: 

Force == evH (8.4) 

Again the force is perpendicular to both v and H, 

Attention is called to the fact that some laws of electrodynamics contain the velocity 
of light as a factor of proportionality depending on the system of units applied. Our 
equation, force = evH^ presupposes absolute electromagnetic units. We shall u.se this 
system thi'oughout the book unless otherwise stated (see Appendix 1). 

For his quantitative study of the magnetic and electric deflection of the 
cathode ray, Thomson (1897) applied uniform fields limited to a well- 
defined space. A schematic diagram is given in Fig. 8.2. The electric dis- 
charge through a gas at low pressure takes place in the left part of the tube. 
The cathode ray hits the anode, which consists of a metal plate with a 
small hole at its center through which a narrow section of the cathode ray is 
transmitted into the right part of the tube. There the ray is not subjected 
any more to the strong electric field acting between cathode and anode. 
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This field-free space is better understood when we assume that the whole inside glass 
surface on the right side of the anode is covered by a conducting layer, say, a gauze 
screen, connected with the anode; technically this screen is hardly necessary since the 
glass surface is somewhat conducting. Thus the inside has the same potential as the 
anode and hence is free of electric fields anywhere except between the condenser plates 
to be described presently. 

Beyond the perforated anode the ray continues its path with uniform 
velocity in a straight line except in the limited space indicated in the dia- 
gram where a vertical electric field may be applied between a pair of con- 
denser plates or a magnetic field with lines of force normal to the plane of 


Cross Section of 



Fig. 8.2. Electiie and magnetic deflection of a cathode ray (J. J. Thomson). The 
magnet is indicated by the circular cross section of the two pole pieces located in front 
of and behind the plane of the figure. 

the paper. (One pole piece of the magnet would be in front of the paper, 
the other behind the paper. In Fig. 8.2 the circle indicates the cross section 
of these pole pieces.) We presuppose that both these fields arc uniform 
within a limited space and zero outside. With such an arrangement the 
cathode ray can be deflected at will upward or downward by either the 
electric or the magnetic field. The cathode ray is only dimly visible, but 
its direction can be well demonstrated by the fluorescence it produces on 
the opposite glass wall which is made brighter if this glass wall is covered 
with a fluorescent screen. 

J. J. Thomson’s experiment consists of two consecutive measurements 
(subscripts 1 and 2). For the first measurement the cathode ray is de- 
flected by a certain electric field Ei, Next by a magnetic field Hi of the 
proper value and direction, the cathode ray is brought back into the posi- 
tion it had without any field. For this adjustment of the two fields the 
resulting force is zero, hence the forces exerted by the one and the other 
field are equal and opposite. Hence, 

Ei€ = evHi (8.5) 

As the fields Ei and Hi can be measured, we derive the velocity v as the 
unknown, v = Ei/Hi. The numerical result is a very high velocity of 
many thousand kilometers per second, the value depending on the condi- 
tions of the experiment, in particular the potential difference applied be- 
tween cathode and anode. 
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For the second measurement only a magnetic field, H 2 , is applied. For 
this case the theory predicts a circular path of the charged particles within 
the range of the magnetic field. Outside of this field, of course, the ray 
travels in a straight line. The circular path is explained by the fact that 
the mechanical force exerted by the magnetic field on the moving electric 
charges is always perpendicular to their instantaneous velocity. Hence 
the absolute value of the velocity remains unchanged, only its direction is 
affected. A mechanical analogue is the path of a motorboat with the motor 
running uniformly and the rudder straight. A man sitting in the bow 
paddles uniformly in the direction perpendicular to the instantaneous 
velocity. He does not affect the absolute value of this velocity, only its 
direction. Thus the boat runs in a circle. 

This is the difference between the two fields applied in these experiments: 
The electric field exerts a mechanical force fixed in space; this field when 
applied alone bends the path of charged particles into a parabola, like the 
path of a bullet shot horizontally. On the other hand, the magnetic field 
exerts a mechanical force turning with the instantaneous velocity; this field 
bends the path of the charged particles into a circle. 

For the circular path in the magnetic field the following condition 
holds: centripetal force (or mass X centripetal acceleration) = force exerted 
by the magnetic field; or, when R = radius of curvature and m * mass of 
particle, 

^ = eoHi ( 8 . 6 ) 


We apply so weak a magnetic field that the charged particles are by no 
means bent into a full circle but only slightly deflected from their originally 
straight path. We observe this deflection on the fluorescent screen and, 
by a simple geometrical consideration, compute the radius of curvature R 
of their path; the velocity v has been determined by the first experiment. 
So here ^ve have one equation with two unknowns € and /z. All we can do 
is derive one unkno^\Ti, e/'jit, called the specific charge’’ of the particles. 


€ _ V 

IX ” RH2 


(8.7) 


Thomson’s important result is that the specific charge of cathode-ray 
particles is always the same; in particular it does not depend upon the 
nature of the gas or the metals contained in the apparatus. The numerical 
result obtained by the most accurate recent measurements is 

e/ix = 1.7592 X 10^ emu/g 

This result reveals the nature of the cathode ray. The ray does not consist 
of charged gaseous atoms; otherwise e/fx would depend upon the nature of 
the gas. We are led to a positive statement when we compare the value 
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of e/ju with the largest value obtained for charged atoms in electrolysis 
which is the value for hydrogen: 9.578 X 10® emu/g. We notice that for 
cathode-ray particles the order of magnitude is much larger, 1,837 times 
the largest value obtained for charged atoms in electrolysis. Should we 
interpret this large value of e/ ju by a large value of the charge e or a small 
value of the mass /z? The answer can only be guessed as follows: In elec- 
trolysis we found that all charged atoms carry the samcjundamcnial elcctnc 
charge or small multiples of it. Their values of e/jjL, however, differ because 
the masses differ. We infer that for cathode-ray particles, too, the charge 
is the same, presumably the fundamental charge. Then the large value 
of e/jtx must be attributed to a small mass of magnitude only 1/1837 that 
of the hydrogen atom. This excessively small value indicates that here 
we are dealing with particles fundamentally different from the atoms known 
in chemistry. Thomson concluded that the cathode ray consists of free 
electricity and thus obtained evidence of free electro7is* The process in 
the electric discharge that causes the emission of free electrons from the 
cathode will be discussed in the chapter, Methods of Observation (Sec. 
17.2). 

In these experiments the free electrons are always observed as negatively 
charged particles while in electrolysis some atoms carry positive, others 
negative charges. Recognizing the negative charge as an essential property 
of free electricity, we come to a new interpretation of charged atoms: 
Positively charged atoms have lost one or several electrons from their 
neutral structure. Negatively charged atoms have gained electrons. 

This picture of atoms losing electrons was revolutionary at the time of 
Thomson's discovery (1897) because it involves the new idea that the 
electron is an essential part of a neutral atom, a part which in electric dis- 
charges or in electrolytic solution may be torn off. The facts of electrolysis 
are not sufficient to establish this picture because, before Thomson's dis- 
covery, it could be assumed that in solution the originally neutral atoms 
form compounds with positive or negative charges. We need the new con- 
cept of free electricity as consisting of negative charges in order to conclude 
that the positively charged atom has lost an electron. This idea violates 
the ancient dogma of the atom as an indivisible particle, a dogma originally 
conceived by Democritus and used as a workable hypothesis all through 
the great progress made imtil the end of the nineteenth century. Thom- 
son’s discovery leads the way to our present picture of the structure of 
atoms as built of electric charges, which may be torn to pieces by various 
kinds of impact or radiation. 

*A few months before Thomson's publication and without his knowledge Wieohert 
published experiments from which he concluded that the cathode ray consists of “electric 
atoms’' of a velocity of 3 X 10® cm/sec and a mass between 1/200 and 1/4000 of that 
of the hydrogen atom. 
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Is free electricity a special kind of matter? This is only a question of 
words. Free electricity certainly has in common with atoms the property 
that each elementary particle has a well-defined mass which, at high 
velocity, shows the characteristic increase predicted by Einstein^s principle. 
Therefore, we may well recognize electrons as a kind of matter as well as 
positive ions. 

More important is the fact that in our argument we attributed a certain 
variation of e/ju to a variable mass jx. This implies that we considered 

the charge e as constant. Throughout physics, including 

nuclear physics, the conser^^ation of electric charge, 

which here is assumed, is a principle never violated. / 1 1 1 \ 

&. Electric Acceleration and Magnetic Deflection, Next ( \iin I 1 
we shall describe a related experiment that leads to an V I 7 

alternative determination of e/ /x of free electrons. In \ S r / 

1883, T. A. Edison, during the development of the in- \ / 

candescent lamp, discovered that glowing filaments of ] [ 

carbon or metal give off electricity. This is demon- 

strated by an incandescent lamp which carries inside the 1^1 ^ 

glass bulb a metal plate, insulated from the glowing 

filament and supported by a wire which is sealed ®l®ctron 

through the glass (Fig. 8.3). When the plate is made filament 

positive with respect to the filament, a current flows (t. a. Edison). 

through the vacuum and is registered on a sensitive 

meter. There is no current flow’* when the plate is made negative. 

The nature of this current is explored by the followmg experiment which 
is easily demonstrated* (Fig. 8.4). A straight glo^ving filament F is 
mounted along the axis of a small metal cylinder A, insulated from the 
cylinder. This cylinder and filament are placed in a large glass bulb which 
is evacuated except for a very low residual pressure of mercury vapor. 
■WTien the filament is heated and made negative with respect to the cylinder, 
a current flows through the gas from the filament to the cylinder. A narrow 
slit along the w’all of the cylinder, parallel to its axis, transmits a narrow 
ray of electric charges coming from the filament, shooting out in a straight 
direction. As in Thomson's experiment, the space outside the slit is free 
of electric fields. The low-pressure mercury vapor has only the function 
of making this electric ray dimly observable. The whole glass bulb is 
placed bet^veen coils of w^ire so constructed that the electric current through 
the wire produces a uniform magnetic field perpendicular to the direction 
of the ray described. WTien Ave turn on this field, Ave observe that the ray 
is bent in a circular path of AA^hich the radius R is easily measured. 

What is the nature of the particles that constitute this ray? They are 
negatiA’-ely charged because they are pulled to the positively charged cylin- 

♦Bainbridge, K. T., Am. Phijs . Teacher, 6, 36 (1938). 
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der. Their specific charge e/fi is determined by the measurement of the 
accelerating voltage (between filament and cylinder) and the magnetic field. 

To begin with, we compute the velocity of the charged particles (charge 
€, m) coming from the filament and an-iving at the plate under the 
effect of a potential difference V. In order to simplify the computation, we 



Fig-. 8.4. Determination of e/fi of electrons emitted from a glowing filament. (Courtesy 
of K. T. Bainhridge.) 

disregard the cylindrical symmetry and rather treat the case of two plane 
and parallel condenser plates (distance d) one of which emits electrons. 
(We neglect the inhomogeneity of the field at the edges.) The argument 
is the same as in the treatment of the free fall in the gravitational field. 
The electric charges, which are supposed to start from one of the plates 
with negligible velocity, gain kinetic energy Wk while they lose potential 
energy which is computed as force X distance; 

Y 

Force = £?€ = 

d 

Wk - = force X d 

Wk = = Ve 


or 


( 8 . 8 ) 
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This result applies as well to any shape of the filament and the positive electrode. This 
follows from the definition of a potential difference as the work per unit charge required 
to move a test charge from one to another position. More strictly, it follows from the 
theorem that the electrostatic field has a potential. 

Next we represent the effect of the magnetic field H by the same argu- 
ment as applied to Thomson’s experiment : 

^ = tvH (8.9) 


The last two equations contain two unknoA\Tis, v and e//x. 
expressed in terms of measurable quantities as follows: 


and 


27 
^ HR 

e ^ 27 

II 


These are 


( 8 . 10 ) 

( 8 . 11 ) 


The numerical result is e/ji = 1.7592 X 10^ emu/g. Here we recognize the 
same particles identified earlier by Thomson as free electrons. 

The reader is familiar with the great technical importance of electron 
emission from glowing filaments, especially as applied in radio tubes. This 
process will be discussed mpre in detail in Chap. 10; in the present chapter 
we are interested only in the detennhiation of e/jx. 

The previous statement that glowing filaments give off only negatively 
charged particles is not completely accmate. Occasionally, there is ob- 
served also a weak emission of positively charged particles which are de- 
tected, of course, only when the polarity of the glowing filament with 
respect to the plate is reversed so that no free electrons can go over. By 
the determination of e/p of these positive particles it has been found that 
they consist of positive ions, usually of sodium and chemically related 
metals. This emission of posith^e ions is limited to filaments* carrying 
impurities. As a rule, after a short period of time the supply" is exhausted, 
and the positive current stops — contrary to the current of the opposite 
polarity, the electron current, wliich is never exhausted. The emission 
of positive ions is of minor importance. 

Let us compare the two methods for the determination of the specific 
charge e fp of electrons. Thomson’s original method has the advantage 
of appl.TOg to any well-defined ray of charged particles, irrespective of 
its origin. We do not need to discuss the processes in the electric discharge 
producing the cathode ray. This method is indispensable for the investiga- 
tion of alpha rays and beta rays which we shall discuss in the section on 
radioactivity. As these rays are emitted from radium atoms, it is not in 
our power to accelerate them starting from zero velocity. On the other 
hand, the acceleration of electrons from a filament combined with the mag- 
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notic tioii is III ])va(5tic.j importance in numerous laboratory 
exix'riineiil > [»('i ' >i nil'll wii li {rl„\yjjjg jiijj,ments. Furthermore, aftci- having 
(liscussi'il the i- <m tln> raethixl provides 

us witli a new unil ol eiiergy^ l,|^g electron volt, which is commonly used 
in jitimiie physies (tSec. 

r. Ui'UrttI Mithod; hlwtrim Microscope. Finally, we sliall discuss a third 
miMhoil, Ihe lieliciil inelhoil (Uusch, 1922 ) for the determination of e/p of 
Ihe (•hiirged pari icii's emiWeil from a glowing filament. Although this 
melhoil is related to llui procciluig one, it is of special interest liccause it 
introduces the idi'a ol Jivusinij a divergent, circtron beam, the liasic idea for 


Anode 




Cathode i 


Hole 






(o) (&) 

Km. S..'». I li'lei'iiiinjilimi of if/j, „f hclkwil methisl. Focusing of an electron 

Is'iun. (I/I Siile view, (//) front view 


tJie consiruetion of the electron microscope. In high vacuum a glowing 
cathode giv’cs olT eleetrons (Pig. g.Sa), which arc then aciieleratcd by a 
pot-entiid diflVrenei' of several thousand volts to the anode plate. An aux- 
iliary (levici*, which we ncwl not describe in detail, converges those electrons 
coming from various directions, within a certain solid angle around the 
axis, on thi* ci'nter of the anode. Some of these electrons pass through a 
small liol(‘ at the eent.nr of the anode plate and emerge from the hole as a 
ilivcrgimt beam. Beyond the anode the interior of the metal tube is free 
of ('lect.rie fields. T’horefoi'e, each charged particle travels in its own straight 
path, and all of them together produce a blurred fluorescence on the screen. 
All elect, rotis lea ve I, hi' hole with the same velocity v given to them by the 
[)otcnl,ial dilTcrence V bet, ween cathode and anode. From Eip (8.8) we 
ei)mi)ut.e this veloeity lus 



hot, us eonsiiler a piirl,icular ray leaving the hole wdthin a small solid angle 
a measuriHl about, t,he axis of the apparatus. We express its velocity com- 
ponents parallel tinil normal to the axis as 

I’a = V cos a t/„ = ti sin a 

For small angles a, wo replace these expressions by the approximations 


Va = V 


Vn = oa 
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Next we apply a uniform magnetic field H parallel to the axis of the 
tube, easily produced by a long solenoid. We treat the effects of this field 
on the two velocity components separately. The magnetic field does not 
affect the axial component Va because this is parallel to the field. The effect 
of the field on the tiormal velocity component Vn has been computed in the 
preceding section; the field bends this component into a circular path of 
radius R defined by Eq. (8.9) : 

^ = or 

As before, the field does not affect the absolute value of Vn, only its direc- 
tion. The time r required for one full circle is 

- « 27r/i 

This time r is independent of the radius R since the faster particles travel 
over correspondingly larger circles. 

Both velocity components together form a helix representing the path 
of this beam leaving the hole within the small solid angle a measured about 
the axis of the apparatus. Consider, for example, a ray leaving the hole 
with a normal component Vn perpendicular to the paper towwd the ob- 
server. Then the magnetic field bends this ray immediately after it leaves 
the hole. It describes a helical path indicated by the dashed lines in the 
side view (Fig. 8.5a) and the cross section (Fig. 8.56). These particles strike 
the axis again after performing one full circle during the time r. Although 
this particular path showm in Fig. 8.5 is all on one side of the axis of the 
apparatus, all rays together, representing all directions with respect to the 
axis, form a symmetrical pattern. During the time r of one revolution, 
the particle travels parallel to the axis the distance L — vr which is easily 
expressed with the help of Eq. (8.12) in terms of U and €//z, 

We are interested in the fact that the angle a does not enter into this 
equation because all particles perform the circular components of their 
paths in the same time and, hence, travel meanwhile the same axial dis- 
tance L. Consequently all rays passing through the hole, irrespective of 
this angle, come back to the axis at the same distance L. Hence, under the 
assumption of small angles of divergence (a) at the hole, all the rays meet 
at one spot easily viewed if a fluorescent screen is placed in the path at a 
distance L from the hole. When above the hole considered we drill a second 
hole through the anode plate and have it exposed to slightly diverging 
electron rays from the same source, hence incident with the same velocity, 
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the screen shows a corresponding bright spot above the lirat. Altogether, 
the electron rays fonn an image of the anode on the serwn. 

The comparison of this effect with the focusing of light by a lens malces 
the importance of this neAV device clear. It is tme that ]iietures can be 
taken without a lens in the pinhole camera. There we roly only on the 
rectilinear propagation of narrow pencils of light. This compares with the 
sharp spot of light produced by a sufladently naiTow pencil of cathode rays 
and is demonstrated by the cathode-my oscilloscope. But we can build 



(a) (6) 

Fig. 8.6. The flat coil as a magnetic lens focusing electrons, (a) Full-size image; 
ib) enlarged image. The object, a thin specimen, transmits fast electrons. The diagram 
does not show' that the paths of the electrons are twisted by the magnetic field. 

optical instruments of some refinement only when we use a lens to focus 
on one point of the image a bundle of rays diverging from one point of the 
object. This is comparable vdth the apparatus described. Therefore, this 
application of the magnetic field is called a ‘‘magnetic lens.” 

This apparatus may well seive for the determination of e/jix. The mag- 
netic field H is adjusted imtil the image on the screen is sharp. Then e/ix 
is computed from Eq. (8.13) and 5delds a numerical result in good agree- 
ment with those of the preceding methods. The outstanding interest of 
this method lies in the formation of images by the magnetic lens. Although 
the long solenoid acting as a magnetic lens furnishes only full-size images, 
a flat coil is not subject to this restriction. Without further computation 
this is illustrated by Fig. 8.6a in which the uniform field of a solenoid is 
replaced by the nonuniform field of a fiat coil. When the object is placed 
closer to the coil, this focuses the rays at a greater distance (Fig. 8.6&). 
The analogj" with the optical lens indicates that here a magnified image is 
produced. • The figui’e simplifies the path of the electrons since the helical 
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path cannot be fully represented by a plane figure. In this respect the 
magnetic lens focusing electrons is not so simple as the optical lens focusing 
light.) In the electron microscope (Ruedenberg, 1931) a beam of electrons 
accelerated by, say, 60,000 volts, traverses a thin specimen; a magnetic 
lens focuses the electrons so that they form an enlarged image of the speci- 
men; a second lens, in turn, forms another, more enlarged image. A great 
advantage of the electron microscope over the ordinary optical microscope 
is evident. It is known that the w^ave nature of light, because of diffraction, 



Fig. 8.7. Electron micrograph of zinc oxide smoke particles. Magnification 30,000 X. 
The figure shows the superior resohdng power of the electron microscope. A micrograph 
taken through the best optical microscope and enlarged to the same scale would be so 
blurred tliat no detail finer than 7 mm could be resolved. The figure is a section from 
an original tliat covers an area ten times as large with equally good definition. (Courtesy 
of Radio Corporation of America.) 

sets a limit on the resolving powder of the optical microscope. This limit 
is about '^’ave length of light, hence for visible light about 3 X 10“® cm. 
Although cathode rays, too, are to a certain extent subject to diffraction, 
as w’ill be discussed in the chapter on w^ave mechanics (Chap. 26), this 
practically does not limit the resolving power of even the best electron 
microscopes constructed. 

The superior resolving power of the electron microscope is evident in 
Fig. 8.7, which is a picture of zinc oxide smoke particles enlarged 30,000 
times. For the sake of comparison w^e compute the resolving power of the 
ideal optical microscope using, say, yellow^ light; the picture taken through 
this instmment, w'hen enlarged to the scale of the figure, would be so badly 
blurred that no detail finer than 7 mm could be resolved. The ^vealth of 
new” detail resolved b}^ the electron microscope is striking. Its outstanding 
draw”back is the fact that the specimen under investigation must be placed 
in high vacuum and, without supporting glass plate, be subjected to a beam 
of high-energy electrons. There are many objects that cannot stand this 
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treatment although they can be investigated through the optical micro- 


scope. 

The electron microscope finds important applications in the investiga- 
tion of the structures of very small particles. Most important are the 
medical applications where the structures of bacteria have been investi- 
gated. The microscopical study of viruses started with the advent of the 
electron microscope; thus the viruses of influenza and infantile paralysis 
have been photographed. 

d. Cathode-ray Oscilloscope. The cathode-ray oscilloscope (Fig. 8.8) 
represents an important' application of an electron beam from a glowing 
filament, accelerated by a potential difference. A small hole in the anode 


First Pair of 
Deflecting 


Cathode Plates 



Anode 


Deflected 

Beam 

Undeflected 

Beam 


Fig. 8.8. Cathode-ray oscilloscope. The diagram shows only the first pair of plates 
deflecting the beam up or down. Beyond this pair the beam passes between a second 
pair causing a deflection normal to the plane of the figure. 


transmits a narrow beam which shoots in succession through two small 
plate condensers, the first pair of plates deflecting the beam up and down 
in the figure, the second pair (not indicated in the figure) deflecting the 
beam backward and forward, i.c,, in a direction perpendicular to the plane 
of the figure. When a rapidly variable potential is connected with one or 
the other pair of plates, the ray follows instantaneously and so, by its de- 
flection, indicates the variable potential. Ordinarily one pair of plates is 
connected with a “sweep circuit/' i.c., a circuit that imposes a deflection 
proportional to the time, say, in the horizontal direction. When the ex- 
treme deflection is reached, the ray instantaneously returns to the initial 
position and repeats the process. The other pair of plates, say, the pair 
responsible for the vertical deflection, is connected to the variable potential 
difference to be investigated. Then the path of the luminous spot on the 
screen indicates the potential difference as a function of the time. If, by 
an au^iary device, the sweep is repeated in phase with the variable poten- 
tial difference, the eye perceives a steady curve on the screen representing 
the potential difference as a function of the time. 

The great advantage of this device is its lack of inertia, which makes it 
applicable to radio frequencies where the mechanical oscillograph built 
with coils and little mirrors completely fails. Hence, the cathode-ray 
oscilloscope is one of the most useful and versatile measuring devices for 
radio-frequency circuits. It is an essential part of radar indicators. It is 
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indispensable for circuit analysis. In television sets, the scanning in both 
the pickup device and the viewing tube is carried out by special forms of 
cathode-ray oscilloscopes. Furthermore, the oscilloscope is extensively 
used for recording transient phenomena like sparks, explosions in guns, com- 
bustion in gas engines. In biology, oscilloscopes are used in studies of 
heart beats and nerve response. 

8.3. e/jit of Positive-ray Particles. As a supplement to the description 
of the electric discharge (Sec. 8.2, Fig. 8.1) let us consider what happens 
when an axial canal has been drilled through the cylindrical cathode that 
fills the narrow neck between the two large spherical bulbs. While in the 
right bulb the discharge and the cathode ray are in operation as before, 



Fig. 8.9. Determination of e/ju of positive-ray particles, parabola method. 

in the left bulb a new ray is now observ’^ed called the canal ray'^ because 
it comes from the axial canal. If the steel magnet that caused the marked 
deflection of the cathode ray is brought near the left bulb, it fails to affect 
the canal ray, but this is due only to the insufficient field strength. A 
stronger magnetic field produced by an electromagnet deflects the ray and, 
by the sense of the deflection, indicates its nature as a stream of 'positively 
charged particles. The corresponding effect is observed for a strong elec- 
trostatic field. 

J. J. Thomson determined the specific charges efp of positive-ray parti- 
cles by the parabola method, which represents a modification of the method 
that he applied to the study of cathode-ray particles (Sec. 8.2a). The new 
method has the advantage that it applies to rays of particles that have a 
wide velocity range. As in the cathode-ray experiment, the positive ray 
passes through a combination of electric and magnetic fields, both normal 
to the velocitj'- of the particles. But here, the deflections produced by 
these two fields are normal to each other. This is accomplished by the 
arrangement schematically given by Fig. 8.9 in which the ray passes be- 
tween the pole pieces of an electromagnet whose faces carry insulated 
plates to be connected to a d-c power supply. Let us assume that the ray 
consists oftparticles all of the same value of e/ju and that the electric field 
deflects the particles do\\nward. If all particles had the same velocity, 
the trace on the photographic plate would be a sharp spot. Actually it is 
a line pointing do\vn\vard, which indicates that the positive ray consists 
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of particles of a certain velocity range. In the experiment, the ray is 
simultaneously subjected to the magnetic field which, if acting alone, would 

deflect it out of the plane of the paper 
^ ^ ^ and, hence, would spread it into a band 
^ whose trace on the plate would be a 
^ ^ horizontal line. Both fields acting to- 

/ , // gether produce a simultaneous deflec- 

/ /// ^ tion do\vnward and out of the plane of 

J j y /// the figure which, on the plate, turns 

//// out to be a parabola (Fig. 8.10). The 

f// ^ theory (see Prob. 8.8) gives the rela- 

Y tion between the parameter of the 

^ ' parabola and the specific charge of the 

jjr / particle. 

/ The numerical results depend upon 

W / the gas present in the discharge tube. 

^ / Although the velocities spread over a 

' wdde range, the values of e/jU are 

sharply defined as is evident from the 
good definition of the parabolas. In 
hydrogen, for example, the canal ray, 
or positive ray, splits up into two con- 
' stituents with the values 

: , - - = 9.58 X 10® emu/g 

! M 


= 4.79 X 10® emu/g 


m ; respectively. 

Fig. 8.10. Parabolas. The numbers in- comparison with the results of 

dicate atomic weights per unit charge electrolysis, we recognize the larger 
(in electronic charges ) . 10 and 1 1 are Ne value as belonging to positively charged 
doubly cliargeil: 12 is C : 13 is CH; 14 is hj'^drogen atoms H+. The smaller value 
CHsandN: loisCHs; leisCHiandO: • j- ? i i a 

20 and 22 ore Xe; 28 is X; 2obisHg: “<ii°ates a ray of positively charged 

iCoiirUnyof K.T.Bainbridge.) hydrogen molecules H 2 +. No other 

positive rays of comparable intensity 
are obsen'ed in hydrogen. We referred to this observation in our discus- 


CHsandN: loisCHs; lOisCHiandO; 
20 and 22 are Xe; 28 is X’'.; 200 is Hg. 
{CfiurUsn of K. T. Bainbridtje.) 


sion of molecular formulas (Sec. 1.3) when stating that the positive-ray 
analysis confirms the structure of hydrogen as consisting of diatomic mole- 
cules. The presence of charged atoms in the positive ray, in addition to the 
<liatomic molecules, is explained by the effect of the electric discharge which 
dissociates some hydrogen molecules into atoms. Corresponding values of 
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€//x are obtained by the positive-ray analysis of other gases. In many ex- 
periments several types of ion show up by their parabolas. In gases other 
than hydrogen, ions are observed with two or more positive charges (see 
the figure). 

We shall discuss the origin of the positive ray in the section on electric 
discharges (Sec. 17.2). In similar experiments, not described here in detail, 
it has been observed that certain gases form negative ions like atomic 
chlorine Cl”, or atomic oxygen 0”, or molecular oxygen O 2 ”. Such nega- 
tive ions, although less important for the understanding of the electric dis- 
charge, have great interest for the theory of the periodic system of elements 
as we shall see below (Sec. 18.4). 

For the purpose of the present chapter the outstanding result of positive- 
ray analysis is the fact that it reveals the nature of the positive ray and so 
indicates the presence in the electric discharge of charged atoms and mole- 
cules which, together with the free electrons, are responsible for carrying 
the electric current. The two neon parabolas evident in Fig. 8.10 (marked 
20 and 22) lead to conclusions of a different kind presented in the discussion 
of nuclear physics (Chap. 20). 

8.4, Decrease of e/fx at High Velocities. Throughout the study of 
atomic physics the reader will become accustomed to the historical fact 
that over and over again an apparently well-established law has turned out 
to be only an approximation, valid within a limited range. This is true for 
the constancy of the specific charge e/ja of electrons, the numerical value 
of which was given above with five significant figures. Before long (1901) 
a certain decrease of this value for high-velocity electrons was noticed. For 
example, electrons accelerated by a potential difference of 80,000 volts are 
obsen^ed to have a velocity of about 1.5 X 10^° cm/sec and a specific charge 
e/jii about one-eighth smaller than the standard value. 

Shall we attribute this deviation to a decrease of the charge or an increase 
of the mass? Such an increase of the mass with the velocity has been pre- 
dicted by a theory which was not introduced for this purpose but largely 
for the explanation of Michelson^s famous investigation of the velocity of 
light, i.e., Einstein’s theory of relatmty. It does not seem advisable here 
to give a superficial outline of this theory. Instead, we shall first take for 
granted a certain fonnula given by Einstein and next explicitly state what 
we, for the limited purpose of the present book, accept as the fundamental 
hypothesis. 

From his hypothesis of relativity, Einstein derived the statement that 
the mass m of any body, which at negligible velocity has the ''rest mass” 
moj at the velocity v has the larger mass 

m 

Vl — 


m = 


(8.14) 
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where c of light. This increase of the mass with the velocity is 

not h^^ble at the velocities observed in daily life. Let us consider 
highern^ocities for which we still may assume that v^/c? is small as com- 
pared with unity. Then w’e may simplify Eq. (8.14) by the binomial 
omitting the higher members of the series, and write 

m = m + -y ^ = wJo + (8.16) 

(Here we identify }W(it>®/2 with the kinetic energy Wk w'hich again, according 
to Einstein’s theorj’, is only an appro-ximation.) Applying the last equation 
to our example, i.e., to electrons with the velocity v - 1.5 X 10“ cm/scc, 
or one-half of the velocity of light, we find 

m = mo(l + H) 

in sufBcient agreement with the observed decrease of e/n. Einstein’s 
theory applies to all matter, but only with particles of very small mass is 
it possible to attain high enough velocities to make the effect measurable. 

Einstein’s theory has led to the more general result that any nmrgy, not 
only kinetic energy, stored in a body is noticeable as an increase of its mass. 
The quantitative relation is a generalization of Eq. (8.15); 

(8.18) 

Again we do not reproduce Einstein’s derivation of this equation from the 
hypothesis of relativity.* However, for our limited purpose, we could 
equally well have chosen the last equation (8.16) to be the fundamental 
hypothesis. This is in accord with the procedure in theoretical physics in 
which, at the start of the theory, an equation is established, which serves 
as the fundamental hypothesis. For example, Newton’s equations of mo- 
tion represent the fundamental hypothesis of mechanics; they are proved 
to be valid (at least for velocities small as compared with the velocity of 
light) by their power of correctly predicting the observable facts. Likewise 
we shall test our fundamental hypothesis, the equivalence of mass and 
energy' as stated in the last equation, by comparing conclusions with ob- 
served facts. We notice the first success of this hypothesis in that it satis- 
factorily represents the increase of the mass of cathode-ray particles with 
the velocity. The velocities of heavy masses, however, are usually too 
small to produce observable effects (except in the motion of the planet 
Mercury). In spectroscopy we shall report an observation explained by 
Einstein’s theoiy^ (Sec. 15.7). In nuclear physics (Sec. 22.7) we shall deal 
with energies so large and with determinations of masses so accurate that 
further tests will become available. 

pimple derivation, which, however, presupposes the hypothesis of light quanta 
tSiee. is ^ven in Appendix 7. 


theory- 
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SUMMARY OF CHAPTER 8 

In electrolytic conduction the measurable quantities (mass deposited, 
atomic weight, valence, and quantity of electricity) are correlated by 
Faraday’s law [Eq. (8.1)]. In this law the Faraday constant F, a universal 
constant, represents the quantity of electricity carried by 1 gram atom of 
a univalent substance. • 

From this law it follows that any individual univalent charged atom 
(ion) carries the same quantity of electricity F/iV, each bivalent ion twice 
this amount, etc. This indicates that electricity can be subdivided only 
down to this smallest charge F/N. These smallest units of electric charge 
are called “electrons.” The reciprocal of the electrochemical equivalent 
has the significance of charge to mass (e/ju) of the individual ion. The 
largest value of e/ju observed in electrolysis is that of the hydrogen ion H+, 
i.e., 9.578 X 10® emu/g. 

The cathode ray is a ray consisting of negatively’’ charged particles leaving 
the surface of the cathode. The specific charge €//x of these particles, deter- 
mined by a combination of electric and magnetic deflections, has the value 
1.7595 X 10^ emu/'g. This far exceeds any value of e/ju known for atoms 
in electrolysis and has been interpreted by J. J. Thomson as indicating free 
electrons. The fact that free electrons are always observed with negative 
chai-ges leads to the conclusion that positively charged atoms have lost one 
or several electrons and that negatively charged atoms have gained electrons. 

Glowing filaments give off negative charges which by the determination 
of e/p are recognized as free electrons. 

A bundle of electrons passing through a hole in a metal plate with uni- 
form velocity but in directions varying within a small solid angle can be 
focused by a uniform magnetic field placed in the direction of the bundle. 
The formation of an image by a magnetic lens is the starting point for the 
construction of the electron microscope. 

In the cathode-ray oscilloscope the electric deflection of the cathode ray in- 
dicates rapidly varying potential differences without any noticeable inertia. 

The canal ray observ^ed behind the cathode through which an axial canal 
is drilled consists of positive ions of the gas contained in the discharge 
tube (positive ray). 

High-velocity electrons show a decrease of e/p. This is interpreted on the 
basis of Einstein’s theory of relativity as an increase of their mass p. This 
can be represented as a special case of Einstein’s law of equivalence of mass 
and energy. 

PROBLEMS 

8.1. Silver plating. In an electrolytic solution silver is deposited by an electric current 
of 0.5 amp. Compute the mass deposited upon the negative plate during a 90-min run. 
Atomic weight of silver = 107.9; valence of silver « 1. 
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8.2. Production of electrolytic hydrogen. In an electrolytic hydrogen generator how 
long does it take to produce 1 liter hydrogen under standai-d conditions by a current of 
5 amp? How much oxygen is produced during the same time at the other electrode? 

8.3. Force exerted hy a mastic field on an electron. In the discussion of cathode-ray 
experiments we started from the familiar expression, force = iLlL (The electromag- 
netic system of units is assumed.) From this expression derive the force on an electron, 
charge e, moving vvnth the velocity v thi-ough a magnetic field by tlie following argument: 
Suppose a current consisting of a stream of electrons, wdth a density of n electrons per 
centitneter length, and moving with the velocity v, passes tluough a magnetic field H 
perpendicular to the velocity v. At any instant the elec^trons that are about to move 
within the next time interval M through a certain cross section occupy a certain length. 

a. What is this length? 

h. State the number of electrons passing a cross section during At. 

c. Express the current as (the number of electrons passing this enjss section per 
second) X (electronic charge). 

d. Introduce this e-xpression into the equation, force = iLII. 

e. How large is the force on one individual electron? 

8.4. J. J. Thomords measurement of e/ju. In the first experiment the cathode ray 
passes between condenser plates 1 cm apart, connected with a power supply of 790 
volts; the electrostatic deflection is compensated by a magnetic field of 30 oei’steds. In 
the second experiment the same cathode ray is bent by a magnetic field of 12.50 oersteds 
into a circular path of 12.00-cm radius. Compute e/ju of the cathode-ray particles. 

8.5. Electric acceleration and magnetic deflection. Electrons are accelerated from a 
glowing filament toward a plate by a potential difference of 100 volts. After passing 
through a slit, they enter a space free of electric fields in which they are subjected to a 
magnetic field of 3 oersteds directed perpendicular to their velocity. Find their linear 
velocity v behind the slit and the radius R of their path in the magnetic field. 

8.6. Focusing of an electron beam. Electrons, after being accelerated by 1,200 volts,^ 
are diverging from a narrow hole. How large an axial magnetic field is required to focus 
the beam on a screen placed at a distance of 40 cm from the hole? 

8-7. Positive ions. Sodium is a univalent electropositive element with the atomic 
weight 23.0. How large a specific charge e/pt is it expected to show in the positive-ray 
experiment? 

8.8. Parabola method. A positive ray is deflected in the vertical direction by an 
electric field 1 /d = potential difference on the plates; d = distance) and simultane- 
ously in the horizontal direction by a magnetic field H, both fields acting over the same 
length I of the path (Fig. 8.9), A photographic plate is placed in the path of the ray 
right behind the deflecting fields. (We disregard the fact that in the actual ai)i)aratus 
the ray, after traversing the fields, continue its path in a straight line and so acquires 
a larger deflection on a photogi’aphic plate that is placed at some distance.) Comimte 
the shape of the trace on the photographic plate made by the ions of a common value of 
e/y. and different velocities i'. Compute the specific charge and identify the type of ion 
for the following data: I = 8.00 cm; d = 1.00 cm; x = 0,300 cm; y = 0.400 cm; 
H = 2,000 oei-steds; V = 2,380 volts. 

Hixt: (at Compute the deflection in the vertical direction (y direction) by the same 
method by which the deflection of a horizontally shot bullet is found, (h) Although 
the magnetic field strictly exerts a force in a direction not fixed in space but turning 
around with the particle fbec. 8.2a), for small deflections, we assume that the magnetic 
force is throughout in the direction normal to the figure. Thus we compute the hori- 
zontal deflection ^deflection in the x direction) by the same method applied under (a). 
ic\ While under (a) and (6) the two coordinates of the deflection are computed both 
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as functions of the velocity v, the trace on the photographic plate, i.e., y as a function 
of X, is found by elimmating v. (d) Which part of the trace is due to fast and which 
to slow electrons? (e) Compute e/fi and find the type of ion for the numerical example. 

8.9. Loss of mass by the sun. The solar constant (1.96 cal cm"^ min~‘) gives the 
energy of solar radiation received per minute per square centimeter at the earth. By 
radiation the sun is expected to lose mass. How large is this loss of mass per year? 
(Distance earth to sun = 1.490 X 10“ cm). See related Probs. 9.8 to 9.11. 



CHAPTER 9 

DETERMINATION OF THE CHARGE € 
ON THE ELECTRON 


9.1. Millikan’s Experiment After the determination of e/ju for free 
electrons we turn to the next important step, the dctennination of the 
charge e on the electron by Millikan’s oil-drop experiment (1910). The 
reader may well approach this subject by forgetting all he has just learned 
of atoms and electrons. This implies that the new experiment will give 
entirely independent evidence of the structure of electricity. 

The first determinations of the electric charges earned by small drops 
were made by J. J. Thomson and H. A. Wilson. They measured charges 

carried by water droplets which are formed in a 
cloud chamber (C. T. R. Wilson, see Sec. 21.2o). 
These preliminary experiments were developed 
into a high-precision measmement by Millikan 
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Millikan con- 


f who measured the charges on the smallest bodies 
Snat can be investigated, ultramicroscopic drops. 
He used oil because it does not noticeably evapo- 
rate. The small drops generated by an atomizer 
fall under the effect of gravity, the rate of fall 
being slowed down by friction in air as is the fall of the small water droplets 
constituting a cloud. Some such oil drops are allowed to fall tlirough a 
small hole in the upper plate of a horizontal plate condenser (plate dis- 
tance d), Fig. 9.1. Between the plates, the faU of the drop, carefully 
shielded from air currents, is observed through a microscope. When a 
potential difference V is applied to the plates of the condenser, some drops 
move upward, some downward which indicates that almost all drops carry 
electric charges. Presiunably the charges are produced by friction in the 
nozzle of the atomizer. The drops, originally falling under the effect of 
gravity, may be lifted by the application of a sufficiently strong electric 
Md,E=r d. 


We measure the charge on a drop in either one of two ways. The simpler 
way consists of adjusting the upward force qE until the drop ju,st stops 
falling: i.e., until the forces acting upward and downward are equal. Then 
qE = mg where q and ?n are the charge and the mass of the oil drop. 

The other method is more commonly used although the equation be- 
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comes more complicated. With a microscope we measure the velocity 
downward under the effect of gravity and viscosity. A uniform velocity 
will be attained when these tw^o forces are just equal and opposite. Studies 
on the effects of viscosity show that there is a force proportional in magni- 
tude and directed opposite to the velocity of the body moving through a 
viscous medium. The oil drops show a uniform velocity and so give evi- 
dence of the fact that the resulting force is zero (different from the “free 
fall'O- The fall through a viscous medium, in the absence of an electric 
field, is described by the equation (writing the forces directed dowuiward 
as positive) mg — cvd = 0, where c is a constant of proportionality. When 
the electric field lifts the drop, the force due to the viscosity is directed 
downward. Now the condition for uniform velocity is mg qE + cvu, = 0. 
Combining the twn equations, we have 


Vd rng 


(9.1) 


When the experiment is repeated over and over again, we notice that 
once in a while the charge q on the oil drop changes spontaneously. A 
change of charge is likely to occur when we apply X rays or rays from ra- 
dium to the space between the condenser plates. Whether the charge will 
increase or decrease, we cannot predict. If we know the mass m of the 
drop, w’e can use the last equation for the computation of its charge q since 
g is known and the velocities and the electric field E are easily measured. 1 
Unfortunately we cannot measure the size rf the drop with the micro- ^ 
scope whose resolving powder is limited by the w^ave length of the light used 
to illuminate the drop, since its diameter is of the same order of magnitude 
as that wave length. However, this does not prevent us from seeing the 
drop. Under intense illumination from the side against a dark background, 
it show’s up like a star which we can see although we cannot measure its 
diameter because of the limited resolving pow’er of all optical instruments. 
Millikan determined the diameter of the drop by observing the rate of fall 
under the effect of gravity and viscosity and by applying a well-known law’’ 
that correlates the velocity of fall of a sphere through a viscous medium 
with its radius. This law’, discovered by Stokes (1845) states that 

2g7^8 
^ 97} 

where v = velocity 

g = gravitational acceleration 
r = radius of drop 
3 = density of the oil 
7} = coefficient of viscosity of air (Sec. 5.2) 

When V, <7, 3, and rj have been measured, the radius r of the drop may be 
computed. (According to Stokes^ law’', the combined effects of gravity 
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and viscosity cause the body to fall with uniform velocity while the effect 
of gravity alone produces unifoim acceleration.) 

Although we are anxious not to accept any la^v on authority, Ave must 
admit that we are unable to reproduce Stokes' derivation based on hydro- 
dynamics. Instead, we may assume that this law has been established by 
experiments performed with larger spheres for which the radius r is measur- 
able. Such experiments showing the fall of small steel spheres through 
glycerin are easily demonstrated. After the determination of the radius r, 
the mass m of the droplet follow^s as 

m = 5 X 


So far w^e have measured values of the charge q on an oil drop apart from 
any preconceived idea regarding the structure of electricity, but this struc- 
ture becomes directly evident in Millikan's results. He found that the 
charges on oil drops do not have all possible values within a continuous 
range, but have only certain discrete values. For example, through a period 
of several minutes the dron may have a constant charge of 6.40 X 10"®*^ 
emu. Then it may change its charge, spontaneously or under the effect of 
X rays, to 8.00 X lO^^J. After a while it may go to 3.20 X 10“®'*, later to 
6.40 X i.e., exactly the same value the drop had at the beginning. 
Such values of charge, in any random order, recur not only for this one drop 
but also for any other drop. Millikan listed all the values of charge ever 
observed in the foUowmg table, w-hich w’^e limit to the five lowest values: 

1,60 X 10“®® emu 
3.20 X 10-^® emu 
4.80 X 10“®® emu 
6.40 X 10“®® emu 
8.00 X 10“®® emu 

From this table, or still better from Millikan's more extensive table, it is 
evident that the charges on small oil drops occur only in multiples of a 
smallest charge w^hose accurate value is 

1.6020 X 10-20 emu 

As this result is independent of the conditions of the experiment, in particu- 
lar the sizes of the drops, Millikan drew’ the important conclusion that here 
a fundamental property of electricity is manifest: It cannot be subdivided 
into smaller charges. This, presumably, is the charge e on the electron of 
which Thomson had measured the ratio €//x. 

In our brief discussion w’e failed to do justice to the art of Millikan's 
experiment. As a matter of fact, only for relatively large drops did he find 
that the charges are multiples of the fundamental unit, while small drops 
show systematic deviations. These drops are so small that, under the 
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microscope, their Brownian motion (Sec. 4.3) is observed as a random mo- 
tion superimposed on their regular rise or fall. It would be absurd to 
assume that the structure of electricity depends on the size of the drop. 
Hence Millikan rather assumed that for the smallest droplets one of the 
laws on which his method is based becomes invalid. In particular he 
assumed that Stokes^ law, which was tested only for larger spheres, would 
need a correction factor when applied to spheres so small that their size 
becomes comparable Avith the mean free path of the gaseous molecules. 
Therefore, he used his measurements of the smallest drops for the evalua- 
tion of two constants: the charge e on the electron and the correction factor 
for Stokes' law. 

Later Millikan's determination of the charge on the electron was con- 
firmed and improved upon by the independent method of A. H. Compton 
(1929) who compared X-ray diffraction on crystals and ruled gratings. 
This will be discussed in the chapter on X Rays (Sec. 19.1/0. 

ll\Tien performing ]\Iillikan's oil-drop experiment in the laboratory, the 
student is impressed by the fact that the structure of electricity becomes 
evident from the data collected within a feAV hours. For this purpose the 
student need only measure several different values of charge on the same 
drop. iMore difficult is the accurate evaluation of e Avhich includes the 
correction to Stokes' law^* 

9.2. Masses of Atoms and Molecules. Now, we know Millikan's value 
of the absolute charge € of the electron, Thomson's value of its specific 
charge e/fjL, furthermore the specific charges of atoms, derived from elec- 
trolysis or positive-ray analysis. On this basis w^e compute the absolute 
masses of electrons and atoms Avith a high degree of accuracy. Also 
Avogadro's number N, the number of molecules per mole, folloAvs from 
Eq. (8.3) based on Faraday's laAv F = Ne. The best numerical valuesf 
knoAATi are given in the folloAving table; the last decimal place of each figure 
is uncertain. The masses of other atoms and of molecules are easily com- 
puted Avith the help of their atomic or molecular Aveights. 

а. The Electron: 

€ = 1.6020 X 10-2=' emu 
e/fJL = 1.7592 X 10^ emu/g 
/X = 9.106 X 10--S g 

б. The Hydrogen Ion 

e/iJi = 9.579 X 10® emu/g 

*A detailed account of this procedure is given by H. A. Millikan, in “Electrons, 
Protons, Photons, Neutrons, Mesotrons, and Cosmic Rays,” Univoi-^ujy of Chicago 
Press, Chicago, 1947. 

tBiRGE, R. T., Aw. J. Phys.y 13, 63 (1945). See the recent comprehensive survey by 
J. W. M. DulVIont and E. R. Cohen, Revs. Modem Phys., 20, 82 (1948). 
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c. The Neutral Hydrogen Atom: 

fjL - 1.6734 X 10-24 g 

d. The Oxygen Atom: 

II = 26.56 X 10-24 g 

e. Avogadro^s Number: 

N = 6.023 X 1023 mole-' 

The mes of atoms and molecules can be given only with much lower 
accuracy, not because our method is inferior but because they are not so 
sharply defined as the masses. We shall consider this further in our dis- 
cussion of atomic structure. Since the atoms are described as consisting of 
electric charges, they do not form sharply defined, smooth surfaces but are 
surrounded by electric fields. Various methods for the determination of 
the sizes lead to results that only approximately agree. The simplest argu- 
ment is as follows: The density of a liquid may be expressed in terms of the 
molecular mass and volume since in the liquid the molecules are supposed 
to be in touch with one another. Hence, 

n •+ - mass of 1 molecule 
ensi y - ^ nxolecule 

The volume of 1 molecule of v 'ater results as 29.9 X 10-24 cm®. The com- 
mon result of all such de" ^rminations is that the diameters of atoms and 
the simpler molecules are a little larger than 10-® cm. 

How do the molecular dimensions compare with what we can see through 
a microscope or weigh on a balance? The smallest length resolved under 
the optical microscope, 3 X 10-^ cm, contains about 1,000 water molecules; 
hence molecular dimensions are far below the wave length of light. But 
the electron microscope (Sec. 8.2c) is able to resolve lengths of the order of 
magnitude of the size of the largest protein molecules. The smallest mass 
we can weigh, about 10”^ g, would contain approximately 10^® water mole- 
cules. 

9.3. The Electron Volt. In Sec. 8.26 we discussed the acceleration of 
electrons (or, in rare cases, positive ions) emitted from a glowing filament. 
Now we know the charge e of these particles and apply the experiment 
mentioned to the definition of a new unit of energy commonly used in 
atomic physics. The kinetic energy Wk of particles of charge €. having 
fallen through a potential difference V is computed above [Eq. (8.8)] as 
TT A. = T €. The mass fx does not enter into this equation. Hence the energy 
TT (: is independent of the mass and completely defined by the potential 
difference and the charge. Since in many modern experiments electrons 
and ions are obsert’^ed that have been accelerated through a measured po- 
*^al difference, a convenient unit of energy is the “electron volt,” 
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(abbreviated ev) i.e., the kinetic energy of any particle carrying the elec- 
tronic charge e which has been accelerated through a potential difference 
of 1 volt. In equations coirelating various electric and magnetic quantities 
and their energies, the absolute unit erg remains indispensable. The elec- 
tron volt is only an abbreviation for an energy of 

10® emu of potential difference X 1.602 x 10"®“ emu of charge 

= 1.602 X 10"“ erg 

The energy given to the electron in high vacuum by a potential differ- 
ence is fully available when the electron hits the anode and its kinetic energy 
is there changed into heat. This is a commonly used method for baking 
out metal plates in high vacuum. The various energy exchanges will be- 
come clear by a comparison ^vlth familiar mechanical processes. Water 
stored in a reservoir at a high altitude above a valley represents potential 
energy. We convert this energy into heat by either one of two ways. 
Either the water is allowed to flow down to the valley through pipes so 
narrow that by friction aU the potential energy changes into heat and no 
kinetic energy is formed, in a manner comparable with the flow of electricity 
through an ohmic resistance; or in a waterfall the potential energy is all 
changed into kinetic energy which is converted into heat when the water 
hits the ground, in a manner comparable to the heating of a metal in high 
vacuum by electron bombardment. 

SUMMARY OF CHAPTER 9 

In the oil-drop experiment Millikan measiured the electric charge on sub- 
microscopic oil drops by obser^'ing their velocity of fall through air under 
the effect of gravity and their velocity of rise under the effect of an electric 
field against gravity. He measured the masses of the oil drops with the 
help of Stokes’ law describing the velocity of fall of a spherical body 
through a viscous medium. His outstanding result is that the charges on 
small drops occur only as multiples of a smallest charge 1.602 X 10"®“ emu. 
As this charge is entirely independent of the special conditions of the experi- 
ment, he concluded that this is a fundamental property of electricity and 
this charge is identical with the charge e on the electron. 

On this basis and with the help of the results of the preceding chapters, 
the masses of electrons and atoms and Avogadro’s number can be com- 
puted. 

A convenient unit of energy, the electron volt, is defined as the energy 
giv'en to a particle carrying the charge of 1 electron when it is accelerated 
through a potential difference of 1 volt; 1 ev = 1.602 X 10"“ erg. 
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PROBLEMS 

9 . 1 . Oil-drop experiment In the oil-drop experiment a condenser is used with a plate 
separation of 2.50 mm. A droplet is observed fallitig without electric field tlu’ough a 
distance of 1.00 mm in 25.3 sec. When a potential difference of 154.S volts raises the 
same droplet, it travels a distance of 1.00 mm in 18.0 sec. The density of the oil is given 
asS = 0.920* g/cm®, the viscosity of air as 77 = 1.82 X 10“'^ cm“i g sec“^ ilow large is 
the electric charge on the droplet expressed in emu? 

9.2. Balancing a droplet In the oil-drop experiment we want to balance a choplet 
carrying a charge of one single electron. Using a condenser with its plates 3 mm apart 
and a potential difference of 110 volts, we must select a. suitable size of tlie droplet by 
watching its velocity of fall undei- the influence of gravity alone. How large a velocity 
must we select? For the density of oil and the viscosity of air see the preceding problem. 

9.3. Acceleration of electrons. Suppose that the negative plate of an evacuated plate 
condenser is red hot and emitting electrons. Compute the time recpiii’cd for electrons 
to cross from the negative to the positive plate and the velocity and kinetic energy with 
which they arrive. Treat the electrons like freely falling bodies. Plate distance 
d = 0.600 cm; potential difference V = 120 volts (see See. 10 . 1 ). 

9 . 4 . Kinetic energy of electrons and ions. Starting from the principle of conservation 
of energy, compute the velocities v and kinetic energies Wk (in ergs and ev) of the 
following particles, all accelerated by 110 volts; (a) an electron, (?>) a singly charged H 
ion, (c) a singly charged Na ion, (d) a doubly charged Ca ion. Neglect the correction 
due to the theory of relativity. 

Hint: Equate Wk with the potential energy lost by the charged particle during 
acceleration. 

9.6. Thermal kinetic energy of unoUciiles. For comparison with the result of the 
preceding problem compute the, velocity (in cm/sec) and the kinoti(5 energy (in ergs 
and ev) of hydrogen molecules at room temperature (293° abs). The density 8 of molec- 
ular hydrogen at room temperature and 1 atm pressure is 8.99 X 10 ”*^ g/cm®. One 
atmosphere pressure is exerted by a mercury column of 76 cm height (density of mer- 
cury — 13.55 g/cm®). 

9 . 6 . Comparison of units. In a chemical reaction, for example the combination of 
two H atoms forming a Ho molecule, each molecule formed liberates a certain energy, 
which we may measure in the fimdamental unit, ergs. Practically, the reaction is al- 
lowed to take place in a calorimeter, and the heat liberated measured in kilocalories per 
mole of gas. WTiat is the factor of proportionality between tliis new unit and each of the 
other units, erg and electron volt? Two H atoms have an energy of combination of 
4.45 ev. Express this energy in kcal/mole. 

Comment; Apparently, there can be no relation between 1 ov (a unit of energy) and 
1 kcal ^mole (a unit of energ^Vmass). In this case, however, ev always means electron 
volts per molecule: correspondingly here erg always means erg ] 3 er molecule. 

9.7. Force exerted hij positive-ion current. Cesium ions Os+ emitte<l from a glowing 
fiLiment form an electric current of 10 "^® amp. After being accelerated by a potential 
difference of 110.0 volts, they strike a target, giving off all their momentum (inelastic 
pollisit)n 3 , see Prob. 3.5). How’ large is the force on the target? 

9.S. Change of mass of mercury atoms. In the electric discharge through mercury 
vapor, atoms are Ijeing excited to an energy of 4.9 ev (see Sec. 17.1). Express the in- 
crease in mass given to the mercuiy atom in terms of percentage of its original mass. 

Comment: Notice that tliis increase is far below the observable limit. 

9.9. Gam of jnnss hy dissociation. When dissociating a hydrogen molecule H 2 we 
spend the energy’' of dis^uciation D — 4.4 eV. The two free atoms so produced contain 
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this amount of energy more than the molecule* Hence, according to Einstein's principle, 
they have a larger mass. Compute this increase of mass. What per cent of its mass 
does each atom gain by the process described? Is this increase of mass within the 
accuracy of the mass spectrograph which is evident in Appendix 5? This process mil 
be compared mth nuclear disintegrations in the next problem. Note that the same 
amount of energ}" spent in the dissociation of a molecule is liberated in the combination 
of two atoms. 

9.10. Disintegration of He into 4 H. Four hydrogen atoms H are slightly heavier 
than 1 helium atom He (see Appendix 5). We interpret the slight difference between 
these masses as a difference in energy. (This energy is independent of the special process 
or sequence of processes by which 4 hydrogen atoms may combine to form 1 helium 
atom. In particular, we do not claim that in one process 4 hydrogen nuclei and 2 
electrons join to form a helium nucleus.) How much energy, expressed in ergs and 
electron volts, must be imparted to the helium atom in order to split it up into 4 hydrogen 
atoms? (Similar processes will be discussed in more detail in Sec, 20.4.) 

9.11. Energy content of hydrogeji. First we separate all the hydrogen contained in a 
glass of water (250 g water) from the oxygen. Then suppose we succeed in combining 
each 4 hydrogen atoms to form 1 helium atom. Compute the total energy liberated (in 
ergs and kwhr). Compute the cost of this energy, assuming 2 cents for 1 kwhr. (Disre- 
gard the presence of rare isotopes, Sec. 20.5.) 

Comment to Probs. 10 and 11: Later, in the discussion of the nuclear atom, we 
shall study a more detailed picture of transmutation of elements (see Sec. 20.3 and 
Probs. 20.4, 22.4, 22.6, and 22.8) where only the nuclei and not the e.xternal electrons 
enter. The simple calculation given here, in which nuclei and e.xternal electrons are 
lumped together, is liistorically important since the enormous energy liberated by the 
hypothetical combination of 4 hydrogen atoms represents the earliest indication of the 
fact that the heat radiated from the sun is generated by this process (see Sec. 23.3). 



CHAPTER 10 

ELECTRONS IN METALS 


10.1. Richardson’s Equation. After the explanation of electrolysis, 
cathode rays, and podtive rays on the basis of the electron theory, we shall 
give a report of the theoretical picture of electrons in nwials omitting the 
mathematical detail. 

The conduction of electricity through metals is fundamentally different 
from the phenomenon of electrolytic conduction where ions, electrically 
charged atoms or molecules, are transported through the solution as evi- 
denced by the visible effects on the electrodes. When a copper wire has 

carried an electzic current even for many years, 
no chemical change can be detcci.ed in, or at 
the ends of, the copper. More than a century 
ago it was first postulated that electricity is an 
agent that can flow freely through a metal. The 
sign of this agent, flowing in one direction or the 
other, was unknown, but it was assiuned to flow 
from the arbitrarily defined ‘ ‘ positive ’ ’ terminal 
to the opposite or “negative” terminal. At 
present we have reason to believe that this 
agent is identical with the electrons discovered 
by Thomson, thereby reversing the above sign convention. Although 
electrons can freely move through the hody of the metal, its s-urjace presents 
an obstacle. This is demonstrated by the well-known ability of a metal, 
when supported by an insulator, to keep an electric charge. 

This theoretical picture of electrons in metals has been refined in order 
to include electron emission from a glozving metal (Sec. 8.2f)) . Suppose that 
in h^h vacuum a glowing filament is surrounded by a metal cylinder. This 
simple apparatus is called a “diode.” We easily determine the total num- 
ber of electrons per second given off by the filament when we connect the 
filament and cylinder to the negative and positive terminals of a power 
supply. The current produced by a sufficiently strong electric field is due 
to all the electrons given off (Fig. 10.1). The reason why a strong field is 
needed for this process will be explained later. When the filament is at 
low temperature, the current is not noticeable; at red heat, depending on 
the properties of the material, it starts, and with further increasing tem- 

78 



Fia. 10.1. Saturation current 
from glowing filament plotted 
agmnst absolute temperature. 
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perature the current rapidly increases, described approximately by an 
exponential function of the temperature. 

This observation has led to a much more detailed picture of electrons 
in metals (Richardson, 1901). It is assumed that electrons take part in 
the thermal motion of the matter. The electrons, however, are not bound 
to fixed positions but are free to move like the atoms of a gas. The surface 
of the metal represents a fence preventing the electrons from leaving the 
metal. The kinetic energies of the electrons are distributed over an un- 
limited range, as described by MaxwelFs velocity distribution (Sec. 7.1), 
such, hoAvever, that their mean energy is represented by the expression we 
derived for gaseous molecules (Sec. 3.2). Thus, a few electrons have a 
kinetic energy far exceeding the average. If such a fast electron shoots 
against the wall with a velocity component 
perpendicular to the wall exceeding a cer- 
tain limit, the electron escapes and is 
registered as part of the current reaching 
the anode. 

This process is illustrated by the following mechanical model (Fig. 10.2). 
Suppose that on the flat bottom of a washbasin that has a sloping rim there 
are many small steel spheres violently shaken by some mechanism. They 
vnR roll all over the bottom. When a sphere runs against the rim, it climbs 
part of the slope. If the component of its velocity perpendicular to the rim 
exceeds a certain well-defined value, the sphere will climb over the top and 
escape. This process compares ^^ith the escape of an electron from the 
metal. This mechanical picture indicates that we must characterize each 
metal by the energy required to liberate an electron from the metal. This 
energy is called the ‘Svork function” of the metal. In our mechanical 
picture it compares with the work required to lift a steel sphere from the 
bottom to the edge of the basin. It is of practical interest that the work 
function of a metal is strongly affected by impurities at the surface. 

This is a general outline of the idea that Richardson carried through 
mathematically. He derived an expression for the electron current in 
terms of the temperature in good agreement with the measurements. In 
recent years the theoretical background has been fundamentally modified 
in order to include the explanation of other phenomena like the specific 
heats of metals (Sommerfeld, 1927). 

Here we must meet an obvious objection to our determination of e/fx 
of electrons emitted from a glowing filament (Sec. 8.2&). We assume that 
the electrons take part in the thermal motion in the interior of the glow^ing 
filament. Therefore, they are expected to leave the metal with a certain 
initial velocity, which should be higher at a higher temperature. Does this 
not affect the kinetic energy of the electrons outside the metal, which we 
simply expressed in terms of the accelerating potential as Fe? As a matter 



Fig. 10.2. Mechanical model of 
electrons in a metal. 
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of fact, in most experiments the thennal velocities are negligible. This is 
e'vident from a numerical example. It is a convenient .standard that at 
room tempei'ature the kinetic energy of a particle, ii‘i‘c.spective of its mass, 
equals Ho ev (Sec. 3.2). Then in a glowing filament of, say, 2100®K the 
thermal energy would be only ’ ev. This is negligible unless the acceler- 
ating potential is low. However, for high-precision determinations of e//t 
it must be considered that not all electrons emitted from a filament have 
the same velocity. 

10.2. Saturation Current and Space-charge Current Finally, wo must 
explain why, in the experiment described above, a considerable potential 

difference is needed to pull all the elec^ 
trons from the glowing filament to the 
anode, although apparently an electron 
leaving the filament would be free to 
cross the highly evacuated space to the 
surrounding cylinder. A more detailed 
expeiimental investigation will lead to 
the explanation. In Fig. 10.3 the elec- 
tron current I leaving the filament is 
plotted against the potential difference 
V between filament and plate for con- 
stant filament temperature. The electron current is increasing with the 
potential difference and reaches a limiting value at a potential of, say, 100 
volts (depending on the filament temperature and the geometry of the ap- 
paratus). This current is called the saturation’^ current. It is supposed 
to represent all electrons emanating per second from the glowing filament. 
This is the current we plotted in Fig. 10.1 against the temperature. 

Why is the current smaller for the lower voltages although in high vac- 
uum there are apparently no obstacles to prevent the passage of electrons? 
The electrons themselves form such an obstacle. At low potential differ- 
ence the electrons travel slowly enough so that a certain ac*,c*.umulation in 
space occurs, known as a “space charge.” The electrons arc accelerated 
by the electric field on their way from the filament to the anode. As the 
accumulation is largest where the velocity is smallest, the space charge 
has the gi’eatest value immediately in front of the filament where the elec- 
trons have not yet picked up an appreciable velocity. The effect of the 
space charge is that an electron just leaving the filament has a good chance 
of colliding on its way to the anode Avith other electrons. They may de- 
flect the new-comer back into the filament. On the other hand, a high 
accelerating potential speeds up all electrons to such an extent that no 
appreciable space charge is formed, and all electrons leaving the filament 
reach the plate. Space-charge effects are of outstanding importance in 
electron tubes. 



Fig. 10.3. Current-potential curve of 
a diode at constant filament tempera- 
ture. 
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SUMMARY OF CHAPTER 10 

The electric conductivity of metals is explained by electrons which are 
free to move like atoms of a gas within the metal but are prevented by the 
surface from leaving the metal. In order to explain electron emission from 
a glowing metal, Richardson assumed that a well-defined energy, charac- 
teristic for the metal with a clean surface, called the “work function,” is 
required to liberate an electron from the metal. Any electron that ap- 
proaches the surface with a sufficiently high velocity component escapes 
from the metal. 

It requires a considerable potential difference to pull all electrons so 
liberated from the filament to the anode (saturation current). At low 
potential difference the electrons travel so slowly that in the vacuum near 
the surface of the filament a space charge is formed, which bends some 
newly emitted electrons back into the filament (space-charge current). 


I 




PART IV 

STRUCTURE OF LIGHT 


Our next aim is to introduce the quantum theory of light. Historically, 
the quantum theory had its origin in the explanation of black-body radia- 
tion but, in order to avoid the more advanced mathematical treatment 
indispensable for this theory, we shall introduce instead the quantum 
structure of light on the basis of the photoelectric effect. We shall discus’s 
first the experimental facts concerned with this effect, next the attempt to 
explain them on the basis of the electromagnetic theory of light, and, finally, 
Einstein’s quantum theory of this effect. In the following two chapters 
we shall discuss further evidence supporting the quantum theory of light. 




CHAPTER 11 


PHOTOELECTRIC EFFECT AND THE 
QUANTUM OF LIGHT 


11.1. Esqkerimental Facts. Heinrich Hertz discovered that an electric 
spark starts more readily when the electrodes are exposed to ultraviolet 
light (1890). The underlying phenomenon is investigated by means of 
the apparatus shown in Fig. 11.1. In a highly evacuated quartz bulb the 
metal plate M is exposed to light, quartz being used because it transnnits 
ultraviolet as well as visible light. Between this plate and another metal 

Light 



plate P which is shielded from the light, a potential difference, F, of about 
50 volts is applied. When the plate M is exposed to the light from a quartz 
mercury arc a current flows, but only if the plate P is made positive with 
respect to M. This indicates that negatively charged particles are liberated 
by the light from the metal M and pulled by the potential difference to 
the plate P. 

For the further investigation of the nature of these particles we apply 
the same method of electric acceleration and magnetic deflection by which 
we tested the nature of the particles emanating from a glowing ^ment 
(Sec. 8.25). Omitting the construction of the apparatus, we record only 
the result, stating that the specific charge of the liberated particles is the 
same as that characteristic of electrons, thereby proving that light liberates 
electrons from a metal surface. 

The current-potential curve of the photoelectric cell of Fig. 11.1, for 
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constant iUumination, is given by Fig. 11.2. With increasing potential 
difference the current reaches a limiting value, called the “saturation” 
current, presumably due to the limited number of electrons liberated per 
second by the light. (This is comparable with the saturation current from 
a glowing filament, Fig. 10.3.) For small negative values of potential differ- 
ence (retarding the electrons), the current flows in the satne direction as for 
positive values, diminishing, however, for increasing negative values until, 
at a sharply defined potential difference, the current goes down to zero. 
This value is called the “stopping” potential. The current never reverses 

its direction, unless some stray light 
reaches the other plate P and there 
produces photoelectric effect. 

We shall understand the significance 
of the stopping potential by a com- 
parison with an experiment in mechan- 
ics. A stone thrown vertically upward 
will climb until its initial kinetic energy 
is completely changed into potential 
energy; hence, knowing the maximum 
height reached we can calculate the 
magnitude of the initial kinetic energy. 
Correspondingly, the value of the stop- 
ping potential enables us to compute the maximum kinetic energy Wm of 
the electrons liberated from the metal plate M by the light. The conserva- 
tion of energy is expressed as 

= eV, 



Potential 

Fig. 11.2. Photoelectric current I 
plotted against the accelerating poten- 
tial difference V for constant illumina- 
tion. 


where Va = stopping potential, e, ju, and Vm = charge, mass, and maximum 
velocity, respectively, of the electrons liberated. In Sec. 8.26 we used the 
same equation in order to compute the kinetic energy Wk of a particle 
carrying the charge € accelerated by the potential difference V [Eq. (8.8)]. 

In the systematic study of the photoelectric effect we vary at will the 
light and the metal illuminated. In order to have well-defined conditions, 
we use monochromatic light described by its intensity and wave length* 
X (or, instead, its frequency v in the unit sec“^). We measure the saturation 
current and the stopping potential as functions of these independent vari- 
ables and so obtain results described as follows. Using the same metal and 
the same frequency of the light, varying its intensity, we obtain a family 
of current-potential curves given in Fig. 11.3. They indicate that the 


*The wave length of light is conventionally expressed in angstrom units, abbreviated 
A: 1 A *= 10“® cm. However, in equations like v — c/X all quantities must be expressed 
in the same system of units, conveniently the cgs system. 
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stopping potential is independent of the light intensity, and the saturation 
current is proportional to the intensity. 



Fig. 11.3. Photoelectric current 7 
plotted against the accelerating poten- 
tial difference V for various intensities 
of illumination on the same metal by 
the same source of light. 
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Fig. 11.4. Photoelectric current 7 plotted 
against the accelerating potential difference 
V for three different frequencies of light in- 
cident on a potassium surface. 


This last result makes the photoelectric cell a very convenient photom- 
eter. 


Photographic exposure meters are photometers based on a different effect. In the 
exposure meter the light produces an electromotive force in a thin film of a semiconductor 
like cuprous oxide placed between copper and another metal. Without the light this 
combination acts as a rectifier, transmits current in a preferred direction. When the 
cell is illuminated, a current, which is nearly proportional to the intensity of the light, 
flows in a direction opposite to the preferred one mentioned above. We are not con- 
cerned with the theory of this effect which is of importance for the theory of electric 
conduction in solids. 

Numerous other applications of the photoelectric effect may be men- 
tioned. For example, light and dark cigars are sorted by an electrical 
device containing a photoelectric cell which puts the cigars into different 
boxes according to the intensity of the light scattered by the cigars. More 
important is the use of photoelectric cells for television. 

For the understanding of the nature of light we are concerned with the 
measurement of the stopping potential F« as a function of the frequency p 
of the light. Again we observ^e the current-potential curves for, say, a 
sodium surface, this time varying the frequency, say, from v = 10^® sec“^ 
(ultraviolet) to v - 0.7 X 10^® (violet), and z/ = 0.5 X 10^® (yellow) and, 
finally, z/ = 0.4 X 10^® (red). The curves are plotted in Fig. 11.4. The red 
light fails to produce any photoelectric current. 

For each frequency only one representative curve is drawn, disregarding the fact that 
for varying intensity W’e should obtain families of curves, for each frequency a family 
with the same stopping potential as in Fig. 11.3. Hence in Fig, 11.4 w'e pay attention 
only to the stopping potentials, not to the saturation currents. 

The curves show a relation between the stopping potential F* (the limiting 
value of T'’) and the frequency v of the light. How simple this relation is, 
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is evident when v;e plot Vo against v] instead of F®, we may as well plot 
the maximum kinetic energy Wm = of the photoelectrons, which is 

proportional to Vg. For this new diagram we do not need new measure- 
ments ; we simply take the corresponding values of Vs and v from the pre- 
ceding diagram (Fig. 11.4) and 
so plot Fig. 11.5, representing 
TFm = eFs as a function of v. 
The diagram shows a linear 
relation between these vari- 
ables. We may express the 
same relationship by a linear 
equation between the maxi- 
mum kinetic energy eVs and v 

eVs = hv-P ( 11 . 1 ) 

Here h and P represent con- 
stants characteristic of the 
straight line the numerical 
values of which may be com- 
puted from the measurements 
plotted in Fig, 11.4. The diagram as well as the equation indicate that the 
kinetic energy Wm becomes zero for a sharply defined frequency limit 
vi = P h. This is called the ‘^threshold frequency'' of the photoelectric 
effect ; there is no effect whatever observed for lower frequencies. 
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Wmiev) 

t ^ 
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0.5x10“ 10« 1.5xl0‘* 
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Fig. 11.6. Same as Fig. 11.5. Comparison of various metals. 

In our last set of experiments we vary the metal exposed to light. Plot- 
ting the straight line just described for sodium, zinc, platinum, and tung- 
sten. we obtain another family of curves given in Fig. 11.6. We notice the 
fact that all these lines have the same slope but that their intersections 
mth the V a.^, indicating the threshold frequencies, differ. This same fact 
is expressed in terms of Eq. (11.1) by stating that A is a constant common 




Fig. li.6. Derived from Fig. 11.4. Maximum 
kinetic energy 11 V of the photoelectrons from a 
potassium surface (measured by the stopping po- 
tential; as a function of the frequency v of light. 
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to all metals, in other words a universal constant, while P is a constant 
characteristic for the metal. 

It is evident from Eq. (11.1) that P and hv both have the dimension of 
energy; hence h has the dimension of energy /'frequency and is measured 
in erg sec. The numerical values are: h = 6.61 X 10"^ erg sec; P between 
0.7 X 10"^- and 4 X 10“^® erg (or between 1 and 6 ev) depending upon the 
metal. 

So far we have strictly reported experiments and represented their re- 
sults by diagrams and a simple equation. We summarize these results in so 
far as they are important for the theory. The maximum kinetic energy 
ir^ of the photoelectrons is independent of the intensity of the light. It 
depends on the frequency of the light by the relation Wm = Av — P, where 
A is a universal constant and P a constant characteristic for the metal. 

11.2. Failure of the Electromagnetic Theory. To begin with, we try to 
explain the observed facts described in the preceding section on the basis 
of the electromagnetic theory of light which, at the end of the last century, 
seemed to be established beyond any doubt. Here we shall briefly review 
the background of this theory. The old controversy between the wave 
theory of light (Huygens, 1678) and the corpuscular theory (Newton, 1775) 
had been decided in favor of the wave theory by the work of Fresnel and 
Young (between 1800 and 1820). The main arguments in favor of the 
wave theory are given by the phenomena of interference and diffraction. The 
dark interference fringes, observed, for example, in Newton's rings, pro\’e 
that light superimposed on light may produce darkness. This is a strong 
argument for the idea that light consists of a wave motion because, by the 
superposition of two wave trains, standing waves may be produced that 
contain spots without any motion whatever. On the other hand, the cor- 
puscular theory of light seems incompatible with the dark interference 
fringes because corpuscles of light superimposed on other corpuscles cannot 
produce darkness. Another argument for the wave nature of light is given 
by diffraction. A knife-edge placed in the path of parallel light does not 
cast an absolutely sharp shadow; some of the light enters into the geometri- 
cal shadow and so shows a certain, although very small, deviation from 
rectilinear propagation. This is a well-known property of waves, in this 
case of very short length. Corpuscular rays, however, would not show 
diffraction. 

These two arguments for the wave theory leave the nature of the light 
waves unknown. Their nature was discovered much later by Maxwell 
(1873). He started from a mathematical investigation of electricity and 
magnetism which, to begin with, did not seem to be concerned with light. 
He represented the relations between electric and magnetic fields by a set 
of differential equations not to be discussed here. On the basis of this in- 
vestigation he was able to predict the existence of electromagnetic waves 
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with the foiiowing properties. In vacuum they should propagate with a 
constant velocity, which Maxwell computed on the basis of electric and 
magnetic data to be 3 X 10^° cm ^'sec. On the surface of insulators (glass, 
water) they should be partly reflected, partly refracted with a certain 
change in their polarization. These properties — and additional properties 
theoretically predicted — agree so completely with the properties of light, 
knowm from experiments, that the conclusion is inevitable that light con- 
sists of electromagnetic waves. 

ilaxwell’s theoretical argument was strongly supported by the experi- 
ments of Hertz (1890). With electrical apparatus (wires, spark gaps, in- 
duction coil) Hertz produced an effect that was propagated by a wave 
motion from one loop of wire to another. The wave nature could be demon- 
strated by the production of standing waves. The order of magnitude of 
their wave lengtlis was measured as decimeters. These electromagnetic 
waves could be reflected, refracted, and polarized in the same way as the 
electromagnetic waves predicted by Maxwell. Thus Hertz's experiments 
confirm jMaxwell's theory. At the same time they make it plausible that 
light waves are electromagnetic w’aves differing from those explored by 
Hertz only by their wave lengths, which are between 4 and 8 X cm. 

It is a strange coincidence that, in the same experimental work that 
seemed firmly to establish the electromagnetic theory of light, Hertz dis- 
covered the photoelectric effect, which turned out to be incompatible with 
this theory and led to its profound modification. Is the electromagnetic 
theory" of light capable of explaining the photoelectric effect? At the first 
glance this seems possible. In this theory electric and magnetic fields are 
attributed to the light waves, which may weU exert forces on the electrons 
contained in the metal and so liberate them from the metal surface. How- 
ever, on this basis we should predict that light of high intensity, z.e., con- 
sisting of strong fields, would give high kinetic energy to the electrons 
liberated. This is not the case; on the contrary, the experiments show that 
the kinetic energj" is independent of the light intensity. Furthermore, 
according to the theory we should expect that light of low frequency (infra- 
red), if sufficiently intense, would be as effective as high-frequency light 
(ultraviolet). Again this prediction of the electromagnetic theory contra- 
dicts the experiments, which show that light of a frequency below a sharply 
defined threshold is entirely ineffective. So we are forced to conclude that 
th^ electromagnetic theory of light fails to explain the photoelectric effect. 

11.3. Quantum Theory, In order to appreciate Einstein's quantum the- 
ory of the photoelectric effect we must briefly survey the earlier development. 
Planck, in 1900, introduced the quantum theory in his discussion of the radi- 
ation emitted from a black body. He assumed that the black body consists of 
atoms able to radiate and absorb light, each atom being a vibrator of a well- 
defined frequency v. The blackness of the body he explained by the presence 
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of radiators of all possible frequencies. In order to create a theory agreeing 
with the experiments, Planck introduced a new hypothesis of fundamental 
importance which we here only report. He assumed that the energy con- 
tained in each vibrating atom cannot have values covering a continuous 
range but only sharply defined, “quantized” values. For each atom, char- 
acterized by its frequency v, Planck assumed a quantum of energy propor- 
tional to V or of the value hv where A is a constant of proportionality. Each 
atom can contain an integral number of such quanta, that is an energy nhv 
where n = 0, 1, 2, 3, . . . . Here A is a new universal constant which, on the 
basis of the measurements of black-body radiation, is determined to be 
h = 6.61 X 10“®^ erg sec. (We notice that this is the same figure that we 
found when representing certain straight lines describing the photoelectric 
effect by an equation.) The new law discovered by Planck cannot be de- 
rived from the older laws of physics, frequently called “classical physics” 
as contrasted \\dth “quantum physics.” It is as foreign to these older laws 
as, for example, the atomic hypothesis is to the laws of Newtonian me- 
chanics. 

We shall not apply Planck’s argument but have to mention it in order 
to point out the background of Einstein’s theory of the photoelectric effect. 
In order to explain the photoelectric effect, essentially described by Eq. 
(11.1) Einstein (1905) introduced the bold assumption that the energy of 
light is not uniformly distributed over the wave front, as the energy of 
water waves is. Instead, it is concentrated in packages of the energy con- 
tent hv where v is the frequency of light and A a new universal constant 
determined on the basis of the photoelectric measurements. Hence the 
individual packages, called quanta of light or 'photons, are small for light 
of low frequency" and large for light of high frequency. All we know 
is that each package hv must be so concentrated that it can transfer its 
whole energy content to 1 electron. Applying the principle of conservation 
of energy to this transfer, Einstein postulated that the energy of the quan- 
tum hv when hitting the metal surface goes into two parts, one part P being 
used for the liberation of the electron from the metal and the balance for 
kinetic energj^ or, \\'ritten as an equation, 

hv = P + kinetic energy 

This is essentially the same as the empirical Eq. (11.1). Thus the theory 
predicts the observed fact that P is a constant characteristic for the metal 
while A is a universal constant, characterizing the property of light as con- 
sisting of energy quanta hv. Here it becomes evident that the constant A, 
introduced above in the description of a very special phenomenon, the 
slope of certain straight lines concerned with the photoelectric effect, has 
a much more general importance in the theory of the quantum structure 
of light. This transfer of the energy of light to the electrons by no means 
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’iake.< p-aec* hr ail the quanta incident on the metal. It is a fact that most 
metal .-tirfaceo are good reflectors of light. Therefore, we must assume that 
jnly a sniaii fraction of all quanta incident on the metal suffer the change 
Lle^^*ribcd above. 

In this theory, high intensity of visible light is described not as due to 
very large quanta or strong electric and magnetic fields but, instead, as a 
very large number of quanta per second traveling as a light ray. Thus 
light of high intensity is expected to liberate many electrons per second 
and so cause a relatively large photoelectric current without, however, 
giving each electron a larger energy than low-intensity light of the same 
frequency does. This agrees entirely with the observation. 

This theory seems to predict that light of the frequency v must give the 
sarnc Jdnetic energy hv — P to all electrons liberated. Experimentally this 
is not the case as is evident from the slope of the curve of Fig. 11.2. Actu- 
al!}’, the current / gradually vanishes when the retarding potential V 
increases and approaches the value of the stopping potential F*. This 
means that the number of electrons endowed with the full theoretical energy 
content is vanishingly small. The increase of the current for decreasing 
retarding voltages indicates that many electrons are liberated with less 
than the full energy content. This is theoretically explained by the well- 
known fact that light is not absorbed at the metal surface proper but is 
able to penetrate thin layers of metal. Therefore, the photoelectric effect, 
which is a special process of absorption of light, may well take place at a 
certain depth below the metal surface. In this case the liberated electron 
has to traverse several molecular layers before it escapes; under way it may 
lose a part of the energy given to it by the quantum. Furthermore, the 
electron liberated from the surface \vith the full kinetic energy given by 
Eq. (11.1) can overcome the full stopping potential only if it happens to 
leave the metal plate in a direction perpendicular to the surface. Therefore, 
in agreement with the observation, only a vanishing part of all photoelec- 
trons is expected to reach the plate P when the full theoretical stopping 
potential is approached. 

The significance of the quantity P as the energy required for the libera- 
tion of a photoelectron from the metal suggests an experimental test of 
Einstein's theory. The same quantity was mentioned in our discussion 
of the liberation of thermoelectrons from glowing metals. There it was 
given the name 'Svork function” of the metal. We may obtain its value 
for the same metal from both thermoelectric and photoelectric measure- 
ments. The results obtained by the two methods agree, although it must 
be admitted that this comparison can be carried out for only a few metals 
like tungsten and platinum, which stand white heat and can be prepared 
with very clean surfaces. This is necessary since impurities of the surfaces 
are liable to affect the energy of liberation P. 

The student is by no means asked to discard the old electromagnetic wave 
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theory of light and instead accept the more recent quantum theory. The 
wa^^e theory is so firmly founded on experiments as outlined above and, on 
the other hand, the quantum theory fails so conspicuously to explain inter- 
ference and diffraction that, for the time being, we can only state the di- 
lemma ; The wave theory is indispensable for the explanation of interference 
and diffraction, the quantum theory for the explanation of the photoelectric 
effect. Einstein himself, when introducing the new theory in 1905, did 
not claim that it represents an absolute truth. He only suggested it as a 
tentative new principle that might lead to new discoveries. Although the 
two theories are apparently incompatible with one another, for twenty 
years this dilemma remained unsolved imtil in 1925 wave mechanics showed 
the way to a reconciliation of the two opposed ideas. This will be discussed 
in Chap. 26. 

Einstein^s quantum theory of light is frequently called the ‘'corpuscular 
theory of light.” The word “corpuscular,” however, overstates the case. 
The theory does not claim that the quanta of light have the same properties 
as, for example, atoms. Outstanding differences are as follows: The 
quantum of light always travels with the velocity 3 X 10^° cm/sec. Matter, 
how’ever, is observed to travel with any lower velocity; the theory of rela- 
tivity even claims that matter can never reach the velocity of light. Light 
is easily absorbed j e,g,j by a black body, and its energy changed into heat; 
furthermore light is easily created, e.g,, when heating a metal filament by 
an electric current. These facts are not at all true for matter. 

Our discussion of the quantum theory, based on the experimental in- 
vestigation of the photoelectric effect, does not follow the historical devel- 
opment. It has been mentioned already that the constant h was discovered 
by Planck in his theory of black-body radiation. Universally it is called 
“Planck’s constant.” In our discussion, h first appears as an empirical 
constant describing photoelectric measurements. Actually, Einstein in 
1905 postulated the quantum of light and established his fundamental 
equation of the photoelectric effect [Eq. (11.1)] long before the difficult 
experiments w^ere performed. Eleven years later the theory was confirmed 
by Millikan’s measurements and determination of Planck’s constant h 
from the photoelectric effect. Only the simple principle of his apparatus 
is described by Fig. 11.1 w^hile the actual apparatus, constructed for the 
preparation of clean metal surfaces, was so complicated that he called it 
a “machine shop in high vacuum.” 

It is striking how^ thoroughly the theory affects our judgment of the 
importance of one field or another. Strictly from the experimental point 
of view% the photoelectric effect seems to be a rather remote comer of 
physics wdth technical applications of no great significance. However, 
Einstein’s theory makes it clear that the photoelectric effect gives evidence 
of the nature of light, one of the greatest problems of physics. 

A summary of this discussion will be found at the end of Chap. 13. 
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PROBLEMS 

il.j. Dde/nuiLatiofi of Planck's constant. An experiment on the photoelectric efifect 
on potassium leads to the following data: irradiations with yellow light from a sodium 
art* and ultraviolet light from a mercury arc (5,890 and 2,537A) liberate electrons with 
the stopping potentials 0.36 and 3.14 volts, respectively. Given the charge on the 
electron (Sec. 9.9), derive (a) Planck’s constant h;{b} the work function P of potassium; 
i'c I the long wave-length limit of the photoelectiic effect on potassium. 

11.2. Xumber of quania required for healing. Green hght (X = 6,000 X 10”® cm) is 
completely absorbed by the mercury bulb of a thermometer. This bulb contains 2.00 g 
of mercur}'. flow many quanta of light must be absorbed in order to heat the bulb 
3.00®? Xeglect all losses of heat. 

11.3. Xumher of quanta received by the eye. Suppose that a source of yellow light 
(X * 6,900A) has an intensity of 1 candlepower. With a bolometer it is observed that, 
at a distance of 1 m from the source, the energy passing 1 cm^ in 1 min is 1.162 X 10'® 
cal. How’ many light quanta are passing 1 cm®/sec? 

11.4. Xumber of quanta per sec barely visible. The human eye is able to see a star of 
6th magnitude, equivalent to 10"® candlepower at a distance of 1 m. How many quanta 
are passing per second through the pupil of the eye? (Diameter of pupil = 3 mm.) 
Assume the same X as in Frob. 1L3. 



CHAPTER 12 

FUNDAMENTAL LAW OF PHOTOCHEMISTRY 


Simultaneously ^ith the fundamental equation of the photoelectric 
effect, Einstein proposed the fundamental law of photochemistry as another 
consequence of the quantum theory of light. In photochemistry chemical 
reactions produced by light are investigated. In most cases the reaction 
progresses in several steps. The absorption of light causes a primary reac- 
tion which is followed by secondary reactions of the atoms and radicals 
produced. Einstein’s fundamental law is the consistent application of the 
idea of the light quantum. It states: Each qmnium of light absorbed causes 
one molecule to react in the ‘primary reaction. 

The relation of this statement to the observations will become clear when 
we consider an example. It is observed that hydrogen iodide, HI, is de- 
composed by light into hydrogen H 2 and iodine I 2 . The “yield” of the 
reaction is defined as the number of HI molecules decomposed divided by 
the number of quanta absorbed. The yield has been measured as 2 mole- 
cules decomposed for each quantum absorbed, which seems twice the 
amount predicted by Einstein’s fundamental law. In order to explain this 
j-ield, secondary reactions are assumed as follows. First each quantum hv 
absorbed decomposes 1 molecule, schematically written 

m + hv-^E + 1 

(How dissociation by light shows up in a continuous absorption spectrum 
will be discussed in Sec. 17.56.) The free H atom so produced has such a 
strong aflfinity for another H atom that it decomposes a second HI mole- 
cule and so forms an H 2 molecule by the reaction 

H-HHI-^H2-fI 

The two free I atoms produced by these two steps cannot decompose HI 
molecules; instead, each migrates through the gas until it meets another 
free I atom with which it forms a molecule: 

IH-I-^Ij 

This theoretical scheme explains the observed yield of 2 molecules per 
quantum since each photochemical decomposition of 1 molecule is auto- 
matically followed by one and only one additional decomposition. In the 
exposure of a photographic plate the primary process is the dissociation 
by light of silver bromide, AgBr. 
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Tije tneon' of light makes a fact that has been known for a 

long lirae umlersTaiKiaiilc. lltraviolet light is ever so much more effective 
in producing chemical reactions than visible light; on the other hand, for 
most reactions infrared light is completely ineffective. For example, the 
human skin feels red, and infrared, liglit only as producing heat; however, 
it is chiimically affected by ultraviolet light. The theory explains this fact 
by the idea that each chemical change in a molecule, e.g., dissociation, 
requires a certain minimum energy to be supplied by the quantum. If the 
quantum has energj’ in e.\cess of the minimum required, as may be the case 
for ultranolel light, this excess goes into kinetic energy of the products. 
If, however, the energ\’ of the quantum is insufficient, the process cannot 
take place. For example, the lowest frequency of light sufficient for the 
dissociation of HI molecules is about v = 7.5 X 10“ sec“^ (X = 4,000A). 
The energ\’ of this quantum hv follows as 5.0 X 10““ erg, or 3.1 ev, or 
72.000 cal mole. 

It is not safe to iissume that tins limit represents the energy of dissociation of the HI 
molecule since it has been found that some molecules do not respond to certain rai^ 
of frequency although the energj’ of the quantum would be sufficient to produce the 
chemical reaction. This is exphiined in detail in the theory of molecular spectra with 
which we are not concerned here. We shall discuss experimental evidence for it in Sec. 
17.9. .-VU we ran safely conclude from the fact mentioned is that the energy of dis- 
sociation of HI is equal to or smikr than 5.0 X 10““ erg. 

Photochemical reactions play a part in living organisms. The process 
of visual excitation seems to be connected with a photochemical reaction 
in the retina. The quantum of light enters into the question: How many 
quanta are required to produce the faintest sensation of light? One quan- 
tum is not sufficient, but it seems that as few as five to seven quanta ab- 
sorbed by the retina may produce a sensation. The light flash incident 
on the eye must contain more quanta since by no means all quanta incident 
on the eye reach the retina. 

Our examples make it clear that photochemical reactions give evidence 
supporting the quantum theori’’ of light although, because of the secondary 
reactions, the evidence is not so clear cut as that based on the photoelectric 
effect. 

A summarj- of this discussion will be found at the end of Chap. 13. 



CHAPTER 13 

COMPTON EFFECT 


In our endeavor to find experimental tests of the quantum theory of 
light Tve must mention the Compton effect although we shall be able to 
discuss it in detail only after having investigated X-ray spectra (Sec. 19.1;). 
We shall find evidence that X rays are essentially of the same nature as 
light, except that their wave lengths are 1,000 or 10,000 times smaller than 
those of visible light. We can measure the wave lengths or frequencies of 
X raj's, obser\’ing diffraction by a ruled grating or, preferably, a crystal 
grating (Sec. 19.1/). Furthermore, for any frequency v so determined, we 
can compute the energy of the quanta hv. 

A. H. Compton (1923) discovered that X rays of a sharply defined fre- 
quency incident on material of low atomic weight, like carbon or paraffin, 
may suffer a change of frequency when scattered. While the spectrum 
of the scattered X rays still contains the original frequency, in addition 
X raj's of smaller frequency are produced, the shift of frequency depending 
on the angle between incident and scattered rays. Compton also discovered 
that this shift of frequency can be predicted by a bold application of the 
quantum theory of light. He assumed that each quantum of X rays, as 
well as a moving bodj', may be characterized by its energy and its momen- 
tum. This enabled him to apply the laws of mechanical impacts, governing 
the collisions between billiard balls or between atoms (Chap. 5), to the 
impacts of X-ray quanta on matter. We have learned already that atoms 
and molecules contain electrons in their structure (Sec. 8.2o) . At the impact 
of an X-ray quantum on an electron contained in the carbon or paraffin a 
part of the energy of the incident quantum is transferred to the electron. 
The mathematical analj'sis of this process, to be discussed later, leads to 
the prediction that the X-ray quantum loses a part of its energy, hence the 
scattered X ray shows a shift toward low frequencies in good agreement with 
the observed shift. In addition, the magnitude of the energy transferred 
to the eledron is theoretically predicted; it has been measured with a tech- 
nique to be discussed later (Wilson’s cloud chamber. Sec. 21.2), a gain 
agreement with the theory. Thus the Compton effect supplies another 
confirmation of the quantum theorj' of light. 
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SUMMARY OF CHAPTERS 11-13 

Here we linish our discussion of the structure of matter as consisting of 
atom>. of electricity as consisting of electrons, and of light or X rays as con- 
sisting of quanta. Looking back, we compare the evidence on which these 
various statements are founded. 

The atomic structure of matter is inferred from the vast array of the facts 
of chemistry. There is hardly a discussion in chemistry in which atoms 
and molecules are not mentioned. Their existence is confirmed by the 
positive-ray analysis in which atomic weights are found bearing the same 
proportions as those determined by chemical methods. 

Ever so much simpler is the evidence of the atomic structure of dectridty. 
The smallest electric charges accessible to measurements, those carried by 
tiny oil drops, have values represented by multiples of a certain charge. 
As this charge is independent of all special properties of the experiment, 
we are forced to conclude that it is a fundamental property of electricity. 

Most involved, it seems to us, is the argument that leads to the quantum 
structure of light. The fundamental law of the photoelectric effect corre- 
lates the maximum kinetic energj’ TT*, given to the photoelectrons with 
the freciuency v of the light : If™ = hv- P. This equation, which describes 
the observ’ed facts, seems incompatible with the wave theory of light. Ein- 
stein anticipated this equation long before the experiments were performed 
by assuming that light waves contain, instead of energy imiformly dis- 
tributed over the wave front, quanta of energy hv so concentrated that 
one incident quantum may liberate one electron if the quantum is large 
enough. The principle of the conservation of energy and the experiments 
lead to the same equation. This idea explains in particular the threshold 
frequency characteristic for a metal by the minimum size of the qiifl.Tit. iim 
just able to supply the energv’ of liberation P. Although the wave theory 
of light is well supported by interference and diffraction of hght, the quan- 
tum theory of light seems indispensable for the e.xplanation of the photo- 
electric effect. It is confirmed by its applications to photochemistry and 
the Compton effect. 



PART V 


ELECTRONIC STRUCTURE OF ATOMS 

In the kinetic theory of gases we describe the individual atom as a body 
of a certain mass and size and a shape presumably approximated by a 
sphere. In the next two parts we shall discuss the detail of the structure 
of individual atoms. We shall start from Rutherford’s observation of the 
scattering of alpha particles which leads to the picture of an atom consist- 
ing of a small nucleus surrounded by electrons. Here we shall carry the 
exploration of the nuclei only so far as it is needed for the understanding 
of spectra and the periodic table of elements. The picture of the nuclear 
atom so arrived at justifies the subdivision of the further discussion into 
that of the electronic structure (Pai’t V) and that of the nuclear structure 
(Part VI). 




CHAPTER 14 


NUCLEAR ATOM AS REVEALED BY 
ALPHA-RAY SCATTERING 


14.1. Discoveryof the Nuclear Atom. Rutherford and his collaborators, 
in 1911, investigated the scattering of alpha rays by thin metal foils. By 
this time alpha rays were knoViTi as one of the radiations emanating from 
radium and some other radioactive elements. For the present purpose it 
is sufiBcient to record some of their outstanding prop- 
erties, which give endence of their nature. Alpha 
rays, when hitting certain substances, for e.vample zinc 
sulfide crystals, produce flashes of light called “scintil- 
lations.” When a zinc sulfide screen is irradiated by 
rays from a weak radium sample, a well-rested eye us- 
ing a magnifying lens resolves the light emitted from 
the screen into local, short flashes. These scintillar 
tions show that the alpha ray is emitted discontinuously 
and might be composed of a stream of particles. The 
student may see such flashes when viewing the luminous 
paint of a watch through a magnifying lens in a dark 
room; this paint contains a very weak radioactive 
material embedded in a fluorescent screen. 

Alpha rays have a penetrating power which enables 
them to pass through metal foils or thin glass walls, fiq. 14 . 1 , Experi- 
This is demonstrated by the observation that such thin ment showing the 
films do not prevent the alpha rays from causing the identity of alpha 
discharge of an electroscope. particles and helium 

The nature of the alpha rays becomes evident w^hen 
they accumulate in a glass tube and are made to exhibit their optical spec- 
trum. This axperiment was performed by Rutherford in an apparatus shown 
in Fig. 14.1. A quantity of a radioactive gas (radon, see Sec. 21.4) was 
introduced into a very thin-walled glass tube. This was surrounded by a 
wider, highly evacuated glass tube which was connected with a small elec- 
tric-discharge tube. For the spectroscopic investigation all gas that ac- 
cumulated in the uider tube was compressed into the small discharge tube 
by the raising of a mercury level. After a few days the accumulated gases 
when excited by an electric discharge exhibited the spectrum of hfilinm. A 
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>j j j*< K ^iKiwed that helium gas could not have leaked through the 

: lube. Rutherford concluded that the alpha rays are composed 

of par: icler> vs'hich are essentially the same as helium atoms but which can 
penetrate the thin glas.s \\all while helium atoms cannot. This result 
imiuediaiely gives information as to the mass of the alpha particle. If we 
assume that the alpha particle has the same mass as the helium atom it 
resembles, the mass of the alpha particle is larger than the mass of hydrogen 
in the ratio of their atomic weights. Hence the mass is/jl- 6.64 X g. 

What distinguishes the alpha particle from the helium atom? Alpha 
particles are deflected by strong electric or magnetic fields in the direction 
characteristic of positively charged particles. Their specific charge e/ju 
and speed v are measured by the method discussed in detail in Sec. 8.2a. 
The result is e /x = 4.82 X 10® emu/g. This figure combined with the mass 
IX given above leads to a charge € = 3.20 X 10”®° emu. This is just twice 
the well-kno^^^l electronic charge (Sec. 9.1). This measurement of the 
charge earned by each alpha particle is confirmed by another pair of ex- 
periments. First, the number of alpha particles coming from a certain 
emitter is measured by counting the scintillations produced on a zinc 
sulfide screen. (A more convenient counting device, the Geiger counter, 
will be described in Sec. 21.2.) Next, the total electric charge carried by the 
particles emitted from the same source is measured by allowing them to 
charge an electroscope. A simple computation yields the positive charge 
carried by the individual particle, the result agreeing with the value just 
given. In the experiment described above, alpha particles, although 
douhly charged, are identified by their spectrum with neutral helium atoms. 
Here we must assume that each alpha particle picks up 2 electrons either 
from the glass wall or the mercury surface. The speed v of the particles 
is characteristic for the specific radioactive element; e.g., radium emits 
alpha particles of a speed r = 1.519 X 10® cm/sec. 

We summarize the properties of alpha rays that were known before 
Rutherford's work on their scattering: The rays consist of individual parti- 
cles which are identical with doubly positively charged helium ions; they 
are able to produce scintillations and pass through metal foils. 

Rutherford and his collaborators investigated the scattering of alpha 
particles by observing what happens to a beam of such particles when 
penetrating thin gold foil (Fig. 14.2). Their apparatus was in principle 
constructed as follows: A radium sample is placed at the bottom of a metal 
capsule whose wall absorbs all alpha particles except those which pass 
through a narrow hole. This capsule, in turn, is placed at the bottom of a 
glass bulb which is highly evacuated so that collisions of alpha particles 
with air molecules are negligible. The inside surface of the bulb is covered 
with a thin zinc sulfide screen so that the narrow pencil of alpha particles 
shooting upward through the hole in the metal capsule produces intense 
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scintillations at the top of the bulb. Rutherford investigated how these 
scintillations are affected when a gold foil is placed in the path of the ray. 
Let us try to predict what should happen. A thin gold foil of 6 X 10^ cm 



Fig. 14.2. Experiment on the scattering of alpha particles (schematic diagram). 


thickness is experimentally proved airtight and hence has no holes. Each 
gold atom has a diameter (estimated by the methods discussed in Sec. 9.2) 
of 3 X cm. Therefore, the foil towai’d which we shoot alpha particles 
contains as many as 2,000 molecules lined up along its thickness. We may 
compare the gold foil with an array of bilhard balls, closely placed on a 

large table, 2,000 balls thick, and repre- 
sent the alpha particle by another, 
much lighter ball which we try to shoot 
through the thicloiess of 2,000 balls 
(Fig. 14.3). We feel safe in predicting 
that we shall be unable to shoot this 
lighter ball through the vast array of 
billiard balls or, by analogj", to shoot the 
alpha particles through the gold foil. 

This plausible prediction turned out 
to be wTong. Rutherford observed that 
the alpha particles are hardly affected 
by the gold foil. IMost of them still produce scintillations at the same spot' 
as before the foil was placed in the beam. The main effect of the gold foil 
is to deflect a small percentage of the particles, which now show up by 
scintillations all over the glass bulb and hence have been deflected through 
angles of any size, some angles being larger than 90 deg. The deflection is a 
rare event, but once it occurs it may be strong. 


t 
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Alpha Particle 
Fig. 14.3. Alpha particle incident on 
gold foil; atoms pictured as solid balls. 
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For ihe OTokmation of this unexpectedly high transmission of alpha 
parricIejT. Butherford introduced a new picture of the stmcture of atoms. 
He assumed that the mass of the atom is concentrated in a nucleus which 
is exceedingly small as compared to the total size of the atom, measured 
for example by the methods of the kinetic theory. From the experiments 
of J. J. Thomson (Sec. 8.2) we know already that electrons may be knocked 
out of an atom and leave it positively ionized. Hence Rutherford assumed 
that the external structure of the atom consists of electrons. In order to 
provide a force binding the electrons to the nucleus, he attributed a positive 
charge to the nucleus. In the neutral atom the nuclear charge has to be 
us large as the total charge of the surrounding electrons. The Coulomb 
force binding the electrons and the nucleus together has the same mathe- 
matical form as the gravitational force, both being inverse square laws. 
Hence, to a certain extent, Rutherford’s atom is similar to the solar system; 
the electrons circle around the nucleus just as the planets circle around the 
sun. 

To a limited extent Rutherford’s idea of circling electrons was anticipated by Ampere 
(1823) in a much earlier period when nothing was known of the structure of individual 
atoms. In order to explain the magnetism of iron, Ampere assumed that each atom 
contains a small circular current which may be oriented by an external magnetic field. 

In applying Rutherford’s picture of the atom to the passage of alpha 
particles through gold foil, we keep in mind the law of elastic collisions 
derived in mechanics (see Prob. 14.1). The results of this important prob- 
lem will be applied to several other arguments. There it is proved that a 
light body hitting a hesixy body simply bounces back or is deflected side- 
ways Anthout an appreciable transfer of kinetic energy. Everybody 
knows that a ball hitting the earth bounces back and changes only its 
direction, not its kinetic energy. In the opposite case of a heavy body 
striking a light object, the heayy body continues on its straight path with 
negligible loss of kinetic energy, while the light object is throTvii aside. An 
example is given by the collision of a hea\ 7 ^ truck with a pedestrian, in so 
far as we are allowed to treat this collision as elastic. After the collision, 
the truck continues its straight path. In the intermediate case, the elastic 
collision of two bodies of equal mass, the maximum transfer of kinetic 
energy- takes place as between two billiard balls; in the head-on collision the 
initially moving body loses all of its kinetic energy to the body first at rest. 

On the basis of the theorj^ of the nuclear atom, Rutherford’s observation 
is understandable. As seen from the incoming ray, all the nuclei contained 
in the thin gold foil by no means appear to fill the whole surface area uni- 
formly, but are only little specks which, like the stars in the sky, are very 
small as compared to their mutual distances. While most alpha par- 
ticles shoot straight through the array of nuclei, a few approach close 
enough to a gold nucleus to be strongly deflected although without trans- 
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ferring any appreciable kinetic energy, the alpha particle being much 
lighter than the gold nucleus. More frequently the alpha particles collide 
with the numerous electrons contained in the gold. Here the alpha particle 
is much the heavier body and shoots straight ahead, throwing the light 
electrons away from its path. This prediction of two types of collision 
processes sufiFered by alpha particles, rare collisions with nuclei and fre- 
quent collisions with electrons, will be strikingly confirmed by observations 
with the cloud chamber to be described in Sec. 21.2. 

In order to explain the free passage of the alpha particle through the 
spaces between the nuclei, the alpha particle itself must be assumed to be 
a very small body, presumably a nucleus. This completes our picture of 
the alpha particle, which we found at first to be a helium atom that had 
lost 2 electrons. Now, by its penetrating power, we recognize it as an atom 
stripped of all electrons. We draw the conclusion, important for our later 
discussion of chemistry, that the alpha particle is a helium nucleus carrying 
two positive electronic charges. This complicated argument will be con- 
firmed by the spectrum emitted from helium ions (Sec. 15.6). We shall 
explore further the properties of alpha particles in Secs. 20.3 and 21.2. 

The effective size of the atom is entirely different in the kinetic theory 
of gases and in the case discussed here, the passage of alpha particles. In 
the kinetic theory we are dealing with mutual collisions between atoms or 
molecules: their electronic structme is responsible for their cross section. 
The alpha particle, however, is deflected not by electrons but only by 
nuclei. Here the effective size of a gold atom is represented only by the 
small space in which the Coulomb field surrounding the nucleus is strong 
enough to produce a noticeable deflection of the alpha particle. 

Considering the great complication of many modem experiments in 
nuclear physics that require a staff of experts and extra buildings, it is 
striking how simple the technique is in Rutherford^s experiment on the 
scattering of alpha particles. A radon sample behind a gold foil, a fluores- 
cent screen attached to a microscope that can be rotated in an airtight 
metal box — these are the essential parts required for an experiment that 
has led to one of the most important new ideas on atomic structure. 

14.2. Charge of the Nucleus. Rutherford and his collaborators devel- 
oped the qualitative observations just discussed into a measurement of 
nuclear charges. Suppose we compare t^vo foils, silver and platinum, both 
with the same number of atoms per square centimeter of the foil. Then 
the alpha ray suffers equal n umbers of deflections in both foils, but the nuclei 
with larger nuclear charge, producing larger Coulomb forces, cause deflection 
by larger angles. Thus the number of particles transmitted by a foil ex- 
pressed as a function of their deflection angles serves to determine the 
charges on the nuclei. The theoretical treatment, which requires calculus, 
is given in Appendix 6. 
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Table 14.1 gives the nuclear charges (in multiples of the electronic charge) 
measured in this way by Chadwick for three elements. They are com- 
pared with the atomic numbers of the elements. 

Tile at»>niic number of an element, familiar to the chemist, is defined as follows: 
T\lien writing all elements in the order of their atomic weights, we count the lightest 
element, hydrogen, as 1, the second liglitest, helium, as 2, etc. These numbers are called 
the “atomic numbers’’ of the elements. Some minor adjustments of the numbers so 
defined will be mentioned in the chapter on the Periodic Table of Elements, Sec. 18.3. 

Tahk 14.1. Atomic Numbers and Nuclear Charges 
(In multiples of the electronic charge) 


Element j 

Atomic No. 

Nuclear 

charge 

Copper — 

29 

29.3 db 0.5 

Silver 

47 

46.3 dh 0.8 

Platinum. . 

78 

77.4 =t 0.8 


The table shows the striking and simple result that, within the accuracy 
of the measurement, the nuclear charge equals the atomic number. In our 
discussion of spectroscopy we shall find more evidence confirming this 
important relation. 

14.3. Size of the Nucleus. Beyond the vague result that the nucleus is 
very small as compared with the size of the atom, the scattering of alpha 
particles leads to an estimate of the size of the nucleus. In most cases the 
theoretical picture of point charges mutually repelled by the Coulomb force 
adequately describes the scattering observed. This picture leads to the 
simple theory of scattering (Appendix 6). From the kinetic energy of the 
impinging alpha particle we can compute the distance of the closest possible 
approach that takes place in a head-on collision (see Prob. 14.2). The good/ 
agreement between the theory and the observation proves that the Cou-' 
lomb law correctly describes the repulsive force down to this distance;/ 
hence it gives an upper limit for the size of the nucleus. For uranium this) 
has been determined to 3 X 10”^- cm, for copper (jjji 

It has been found, however, that the agreement between the theory and 
the experiment is good only for heavy elements but that the picture of 
point charges fails for the bombardment of lighter elements like aluminum 
by high-energ\" alpha particles. (Here the theory is refined by taking into 
account the recoil of the target nucleus.) Alpha particles which, if sub- 
jected only to the Coulomb repulsion, would approach the aluminum 
nucleus to a distance as short as 0.6 X 10"^^ cm do not follow the theory 
outlined and so make it evident that for such close approaches the size of 
the nucleus makes itself felt. This figure then is an estimate of the size 
of the aluminum nucleus. When in a model the nucleus is given a diameter 
of 1 cm, the whole atom has a diameter of about 400 m. 
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The present chapter gives us the knowledge of the nuclei needed in the 
next chapters, which are devoted to spectra and the periodic table of ele- 
ments. The systematic discussion of nuclei will be given in Part VI. 

SUMMARY OF CHAPTER 14 

The nature of alpha rays is inferred from the following obser\’^ations. 
The rays produce short, local scintillations on certain screens indicating 
that they consist of individual particles, which are able to penetrate metal 
foils. A\Tien collected in a small glass tube, they show by their optical 
spectrum that they are essentially the same as helium. This gives the 
individual particle a mass of nearly 4 hydrogen atoms. The measurement 
of €-ju (combined vdth this mass) shows that each alpha particle carries 
the charge of 2 electrons but with the positive sign, in other words, that 
it is a doubly charged helium ion. 

Rutherford discovered that alpha particles penetrate thin gold foils 
without an appreciable deflection with the exception of a few particles that 
are scattered through large angles. Rutherford explained this observation 
by the picture of the nuclear atom. He assumed that the mass of the 
gold atom is concentrated in a small nucleus carrying a large positive charge, 
which attracts electrons and holds them in stable orbits around the nucleus 
just as the sun holds the planets in their paths by gravitation. At the same 
time he assumed that each alpha particle is a very small bullet, presumably 
itself a nucleus. This last assumption, combined with the above result 
that the alpha particle carries two positive electronic charges, attributes 
to the helium nucleus the positive charge 2, giving the neutral helium atom 
2 external electrons. 

The deflections of alpha particles by films of various metals have been 
studied quantitatively^ In this way the nuclear charges of various atoms 
have been measured, with the result that the nuclear charge equals the 
atomic number. 

The order of magnitude of the nuclear size is 


PROBLEMS 

14.1, Elastic collisions. Elastic collisions are of great importance in atomic physics 
describing, for example, collisions between gaseous atoms or collisions of electrons with 
atoms or of alpha particles with nuclei or, in the theory of the Compton effect, of X-ray 
quanta with electrons. In the text w^e shall repeatedly refer to the results of the present 
problem (see Prob. 21,6), 

Elastic collisions are collisions in which the kinetic energy present before the collision 
is completely conserved as kinetic energy, and no other kind of energy is produced. 
This is true, to a good approximation, for collisions betw'een billiard balls. After the 
collision, the bodies in general proceed in two separate directions, both different from 
their original directions. We restrict ourselves to the special case of the head-on colli- 
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.V., ±0 hi ill! motion before and after the collision takes place in the 
line. 

S'lpii.jj'e tko mass w, ^Velocity ui) collides head on with the mass W'hich, before 
the coiii.'.ioii, i< at rest (velocity = 0). Compute the velocities vi and V 2 after the 
coiI:>i<jn on the Ixisis of the laws of conservation of energy and momentum. Write the 
rcsnlt for three .- 1 ) 61 * 1:11 cases: ia\ Wi = /« 2 , (6) mi negligible compared with mo, and (c) tth 
negligible as compared with mi. 

Hint: ia) Write the principle of conservation of energy stating that before and after 
the collision the total kinetic energy is the same. (6) Write the law of conservation of 
momentum making the corresponding statement for the linear momentum. Since the 
momentum of a body may be positive or negative, you must define a direction as posi- 
tive, the direction of the velocity Uu (6‘) Express the unknow'ns, vi and ^ 2 , in terms 
of the known quantities mi, niz, ui. (d) Write this result for the three special cases 
mentioned above. 

Comment: The complete transfer of energj” resulting for equal masses may be seen 
in the head-on collision between billiard balls. On the other hand, a light body bounces 
back from a heavy liody as a rubber ball from the earth, or an electron from an atom, 
or an alpha parti(*le from a gold nucleus. The present problem deals wdth elastic colli- 
sions; inelastic collisions are treated in the Probs. 17.4 and 22.7. 

14.2. Size of the nucleus. Suppose that the fastest alpha particles occurring in nature 
(those emitted from thorium C', energy 8.8 Mev) are scattered by uranium. Compute 
the distance of the closest possible approach assuming that the force acting betw’een the 
alpha particle and the uranium nucleus is given by the Coulomb repulsion. 

Comment: In Sec. 14.3 observations are discussed that indicate that the radius of the 
uranium nucleus is smaller than the distance of closest approach for 8.8 Mev alpha 
particles. 
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CHAPTER 15 


SPECTRUM OF THE HYDROGEN ATOM 
AND BOHR’S THEORY 


Rutherford's theory of the nuclear atom, further developed by Bohr, 
has led to a detailed explanation of atomic spectra, in particular the spec- 
trum of the hydrogen atom. This is the subject of the present chapter. 
We shall start from the discussion of the spectrum observed and shall find 
that the electromagnetic theory of light fails to explain it. Ne.xt we shall 
discuss Bohr’s theory of the hydrogen atom and its application to the 
helium ion. Finally, in order to judge the validity of Bohr’s theory, we 
shall give a brief report’ of further comparisons between the advanced de- 
velopment of the theory and experiments. 

15.1. Spectrum of Hydrogen Atoms. We begin the study of spectra 
with a brief historical outline of spectroscopy. Xe^rton, in 1666, was the 
first to analyze white light into its spectral colors by observing the dis- 
persion of sunlight passing through a prism. Later (around 1800) the 
spectrum was extended on both sides of the ^^sible region into the ranges 
called "infrared” and "ultraviolet.” Fraunhofer (1814) improved the 
observation of the solar spectrum and found many narroAV, black lines on 
the bright, colored background. Kirchhoff and Bunsen (1859) discovered 
that any given spectral line defined by its wave length (or frequency) is 
characteristic of a tjqje of atom; e.g., a prominent pair of yellow lines at 
5,890 and 5,896A, emitted from a bunsen burner or electric arc between 
carbon electrodes, indicates the presence of sodium atoms. Furthermore, 
they found that certain spectral lines obser\’-ed in absorption, i.e., as black 
lines on the backgroimd of a white spectrum, exactly coincide in wave 
length with well-knoun emission lines. This is true for the yellow pair of 
lines just mentioned. Hence the absorption lines as well as the emission 
lines sen-e for the identification of sodium atoms. .-This discovery ^x^lained 
the dark lines obser\’ed by Fraunhofer in the solar spectrum. Kirchhoff 
and Bunsen interpreted them as absorption lines produced by the solar 
atmosphere on the white background emitted from the body of the sim. 
Since they were able to identify many of the Fraunhofer lines Anth spectral 
lines observed at the laboratory', e.g., those of sodium, calcium, and iron, 
they accomplished the equivalent of a chemical analysis of the solar atmos- 
phere. Since then almost all the lines observed in emission or absorption 
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in the .spectra from the sun and stars have been so identified. This is the 
basis of as trophysics . The progress that has been made in the study of 
tiie cosmos using this discovery would have seemed unthinkable before 
the time of Kirchhoff and Bunsen. 

The analysis of atomic spectra began in 1885 when Balmer represented, 
by a simple foimula, a series of spectral lines observed in an electric dis- 
charge through hydrogen. In 1906 Lym an discovered a hydro gen series 
in the extreme ultraviolet related to the Balmer series. The analysis of 
spectra, atomic aD^lnblecular, nas been continued up to the present time. 
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Fig. 15.1. Balmer series of atomic hydrogen emitted by an electric discharge (photo- 
graphic negative!. marks the computed position of the series limit. (Courtesy of 
G. Uerzherg and Dover Publications. Reprinted from G. Herzberg^ Atomic Spectra and 
Atomic Structure” 1927.) 

On the basis of Rutherford’s discovery of the nuclear atom (1911), Bohr 
in 1913 introduced his theory explaining the hydrogen spectrum, which 
was the starting point of a vast development of atomic theory. 

WTien an electric discharge is maintained in hydrogen, a very complicated 
spectrum is observ^ed. This spectrum is seen to consist of two parts: a 
well-ordered series of a few brilliant lines superimposed on a mess of very 
many weaker ones. It is plausible to attribute the few bright lines to 
hydrogen atoms and the many background lines to hydrogen molecules^ 
fQrJJie.-atQins, being sjmplerjgdght^be eject ed to em it th e simpl er spec- 
trum. Although ordinary’’ hydrogen gas consists of diatomic molecules, in 
the electric discharge one may well assume that the current dissociates 
some molecules into atoms. This idea is confirmed by the fact that with 
increasing current the few brilliant lines gain in relative intensity, thus 
indicating increasing dissociation by the current. We are interested only 
in the lines attributed to hydrogen atoms. The visible part of the atomic 
spectrum consists of four lines, but a photographic investigation of the 
near ultraviolet region shows that these four are followed by many more 
lines, all converging toward a limit (Fig. 15.1). The first line of this series, 
called Ha, has a wave length in vacuum of 6,562.80A. (Since experiments 
with gratings or interferometers \rield measurements of wave lengths, it is 
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eon\’entional to use wave lengths for the description of experimental 
results: frequencies are more important for the theory.) 

This is the series of lines, which Balmer represented by the simple formula 

Here v is the frequency in sec”^; c = velocity of light. (We introduce the 
factor c in order to represent the spectral lines by th&vc freqmrhcies in sec“^; 
without the factor c the formula would give wave numbers = reciprocal 
wave lengths in cm”^). For n = 3 the formula gives the first line, the con- 
spicuous red line of the series, for n = 4 the second line, etc.; finally, as n 
approaches infinity, the convergence limit Vc - cR/4:. is a constant 
computed so that the formula represents the observed frequencies and is 
called the “Rydberg constant” after the distinguished Swedish spectros- 
copist. Its numerical value is 

R = 109,677.76 ± 0.05 cm-' 

This figure gives evidence of the high accuracy of spectroscopic measure- 
ments. 

In the extreme ultraviolet Lyman (1906) discovered a similar series wdth 
its first line at 1,215.7A. He represented this series by the similar formula 

V = ci2(p - y n = 2, 3, 4, . . . 

Here the constants c and R have the same significance as before. This 
series converges at the frequency Vc - cR, The theoretical significance of 
the Lyman series w’hich becomes manifest in Bohr^s theory justifies its 
designation as the prototyqje of all spectral series. Later Paschen found 
another similar series in the infrared represented by 

V = - ^) n = 4, 5, 6, . . . 

With improved experimental technique more such hydrogen series have 
been discovered in the infrared, but no other series are found in the ultra- 
violet at frequencies higher than those of the Ly’-man series. 

All these series are represented by one comprehensive formula 

Vobb = cR^j^ — (15*1) 

The subscript “obs” emphasizes that this formula describes observed 
frequencies Avhich later will be compared with those resulting from the 
theory. The formula [Eq. (15.1)] gives the Lyman series w^hen n" = 1 and 
/?' = 2, 3, 4, . . . . Furthermore, it gives the Balmer series for /i" = 2 and 
n' = 3, 4, 5, . . . . Several such series are schematically given by Fig. 15.2. 
Although our experimental knowiedge of the infrared is limited, we infer 
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ikii are infinitely many such series, described by the same formula 
Vi’ith iaiijer ijitea’ei'.s j}** • e shall call this the * Balmer formula.^ 

In applying this foimula, it is easy to change from the Lyman series to 
the Bainier series, c.g., by exchanging n" = 1 for n" = 2. But the formula 


fails to say how difficult it is for the expeiimental physicist to observe the 
various series. The Balmer series is the one most easily found. Its visible 
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Fig. 15.2. First three series of atomic hydrogen. Broken Knes indicate series limits. 
]dore infrared series appear at frequencies lower than those of the Paschen series. 


lines may be seen with any spectroscope, and the higher lines in the be- 
ginning iiltra\dolet are photographed with a quartz spectrograph. 

The Lj-man series, however, does not show up in the quartz spectro- 
graph, in spite of the fact that quartz transmits ultraviolet light down to 
2,000A, a much shorter wave length than the transmission limit of glass. 
Beyond this range three diflBiculties ai'e encountered concurrently: (1) The 
quartz becomes opaque and must be replaced by one of the rare crystals 
like fluorite which transmits light of still shorter wave lengths. (2) Ordi- 



To Pump 

Fig. 15.3. Vacuum spectrograph (schematic diagram). The discharge tube is sealed 
to the wall of the spectrograph in front of the slit. 


nar}’ photographic plates fail to respond, because the gelatine absorbs the 
light so strongly that it does not penetrate into the emulsion; special 
photographic plates must be prepared. (3) Since the air becomes opaque, 
the Avhole apparatus must be evacuated. Great progress has been made 
with fluorite vacuum spectrographs, but they fail to record the Lyman 
series because even fluorite cr\"stals are opaque at the extremely short 
wave length range of this series. For the range beyond that of fluorite, 
L\Tiian used a concave grating since this does not require any transparent 
substance and relies solely on the reflecting power of the metal on which 
the grating is ruled. In the extreme ultraviolet, this power, although weak, 
is still high enough. This explains the construction of Lyman^s spectro- 
graph (Fig. 15.3). A highly evacuated wide brass tube contains the grat- 
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ing, the plate of special type, and the slit; the electric discharge tube mth 
hydrogen is cemented on in front of the slit. 

Other difficulties are encountered in the investigation of the infrared spec- 
trum. There a glass prism is opaque and must be replaced by a rock-salt 
prism or a grating. Photographic plates fail completely for reasons dis- 
cussed in the chapter on photochemistry (Chap. 12)* Instead, a bolometer 
or thermocouple records the incident radiation. 

15.2. Failure of Electromagnetic Theory of Radiation. The electro- 
magnetic theory of radiation (Sec. 11.2), based on the work of Maxwell 
and Hertz, has been so eminently successful that we must try to apply it 
to the spectrum just described. In this theory the atom is supposed to be 
similar to the antenna of a radio transmitter, although much smaller, of 
course, and radiating a much higher frequency. At first glance such a 
transmitter seems to emit light with some of the properties of the spectrum 
described. A transmitting antenna made of a straight piece of wire has a 
fundamental frequency of vibration and a series of harmonics of higher 
frequency, much like the characteristic frequencies of a violin string. But 
this series cannot be compared quantitatively to the series spectrum of 
hydrogen because the higher antenna harmonics are multiples of the 
fundamental frequency v] i.e., their frequencies are 2p, Zv, etc. Hence 
this series predicted by the electromagnetic theory fails to show the finite 
convergence limit characteristic of the hydrogen spectrum observed. Fur- 
thermore, the transmitter fails to show more than one such series, while 
the hydrogen atom exhibits many. 

We may try to modify our theory by discarding the straight-wire picture 
and replacing it by Rutherford's nuclear atom, which, in the simplest case, 
would be 1 electron revolving about the nucleus. But here the electro- 
magnetic theorj’’ leads to another difficulty. From the laws of planetary 
motion we know that the electron may revolve about the nucleus in circular 
or elliptic orbits. Suppose that energy is given to this system, e.g., in the 
discharge tube by the impact of a/ree electron, so that the revolving electron 
is throTO into a distant orbit, which we assume as circular for the sake of 
convenience. If the electron would stay there, it would have a well-defined 
frequency of revolution. But the electromagnetic theory tells us that the 
electron would perform differently from a planet. "While the planet, as a 
neutral body, continues indefinitely on the same orbit, the electron, being 
a charged body, loses energy continuously by radiation at a rate predicted 
by the theor>". This energy is radiated flt jthe expense of the energy stored 
in the revolving motion. Thus the electro n must graduall y spiral in toward 
the nucleus and thereby increase its frequency or revolution. (The rela- 
tion between the radius and the frequency ot revolution is easily computed 
on the basis of elementary mechanics.) Since this nrqcess would g n on 
continually, the spectrum would not consist of sharp lines but would be 
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contiluious. This prediction based on the electromagnetic theory contra- 
dicts the observed fads and makes the failure of this theor y when applied 
to sharp spectral lines evident. ’ — 

16.3. Review of Gravitational Motion. In Bohr's theory we shall study 
the simplest aspect of Rutherford's nuclear atom, the case of only 1 electron 
circling about a nucleus. In the present section. we shall review some 
fomiulas of elementaiy mechanics that are applied in Rohr's theory. Since 
the Coulomb force keeping the electron to the nucleus has the same mathe- 
matical form as the law of gravitation, we take over the results of the 
theory' of planetary motion, for simplicity restricting ourselves to circular 
orbits. In order to make the calculation applicable to more highly charged 
nuclei, we vnite the nuclear charge as Ze where Z = atomic number (see 
Sec. 14.2). 

Violation and Units: 

II = mass of electron, g 

€ = absolute value of the charge on electron, esu 
Ze = absolute value of the charge on nucleus, esu 
' r - radius of circular orbit, cm 

V == linear velocity, cm/ sec 
w = angular velocity, sec^^ 

V - m 


We define the moment of inertia of the revolving mass as / « /xr® (unit: 
g cm-j. Furthermore, we define its angular momentum as lo) ~ 

= fivr (unit: g cm^ sec”^. 

The force of attraction is given by the Coulomb force: force = Ze^/r^, 
Here it is supposed that e is expressed in electrostatic units. (If we should 
use electromagnetic units, Coulomb's law would contain the factor c®.) 
In circular motion a centripetal acceleration = v^/r occurs all the time. 
Hence this motion requires for its maintenance a centripetal force = ixv^/r, 
T\Tien we whirl a stone around on a string, this force is given by the tension 
of the string. In our case, this force is supplied by the Coulomb force. 
Therefore, the condition for the circular motion is 



or 



(15.2) 


As €, Z, and /x are constants, this is an equation between two variables, 
r and v. The two variables have values covering a continuous range with 
the restriction that for any value of r the equation prescribes the corre- 
sponding value of i\ 

Next we compute the total energy IF, composed of kinetic energy Wk 
and potential energy Wp. The kinetic energy Wk is easily expressed as 
Wf: = /xr- 2 = Ze“ '2r. Finding the expression for the potential energy Wp 
more difficult. The potential energy, or energy of position, of the elec- 
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tron with respect to the nucleus depends only on the relative distance r. 
We are interested only in the difference between the potential energies of 
two positions. This difference is defined as the work required to lift the 
electron against the Coulomb attraction from the smaller radius n to the 
larger radius rj. It is easily computed if we restrict ourselves to a cl^ge 
of radius Ar = rs - n very small as compared to each of these radii. Then 
the Coulomb force may be treated as constant or, still better, may 
be expressed by writing the geometrical mean of the radii ri and rj, i.e., by 
replacing r® by X Vi. So we obtain 

When computing ATFp over a larger distance, we subdivide this distance 
into many small steps, apply the approximate formula to each step, and 
compute the total energj’’ ATF;, as the sum of these small contributions. 
Since all these intermediate values of 1/r cancel out, our final result 

is the same as derived above for each small step. (For students familiar 
with calculus the computation is given as Prob. 15.1.) The energj' ATT, 
is positive if ra > ri. 

Although we are interested only in differences of potential energies, it 
will be convenient to define an arbitrary zero point of potential energy in 
order to simplify our expressions. For example, as zero point we might 
-define the potential energj’ at 1 cm or 10-® cm distance from the nucleus 
(not at zero distance because that w’ould lead to infinitely lai^e energies). 
-The mathematical expression for Wp will be a little simpler when as a zero 
point we select the infinitely large distance, n = 00 . Equation (15.3) 
shows that in this case the energy difference computed is still finifft- 
AlFp = - The negative sign indicates that energy wUl be released 

when moving the electron from n = 00 to rs = finite. (Our definition of 
the zero point amounts to the same as if we should measure the gravita- 
tional potential energj’^ Avithin a laboratory room by defining TFp = 0 at 
the ceiling.) For any definition of the zero point the essential property 
of the potential energy, its increase with increasing radius, is preserved. 
A potential energy of - 1 unit is higher than that of - 100 units. Now we 
may drop the subscript 2 because we got rid of n 



The total energy of the revolving electron becomes 

TF = TFft+ IFp = I?! - ^ 

^ 2r r 2r 


(15.4) 
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liere .i*:.:.’. ntgalive sign has no physical significance since it is based 
on th.'- a. b;;iaiy definition of the zero point of Wp. 

16 . 44 . Bciar’s Theory. The hydrogen atom was the object of the first” 
theoredeal attack, because as the lightest of all atoms it is assumed to have 
the simplest structure. This is confirmed by the fact that its spectrum, 
described above, is by far the simplest of all atomic spectra ever observed. 
Bohr’s starting point was Rutherford's theory of the nuclear atom, Planck’s 
quantum theory ascribing to each vibrating atom a quantized eneren r 
Cpn tent nhv (see Sec. 11 3 \ .a,ad Einstein's theory attributing en ergy qua ^ 
ftvTo'^it of theli^uencv v. Bohr's atwt was to establish a tEeSrV^roTn 
which he could derive the observeS’^^ogen spectrum as given by the 
Balmer formula 

Voba — (15.1) 

As the simplest atom contains presumably only 1 revolving electron, 
its nucleus has a positive charge of the same value. This charge is experi- 
mentally confirmed by positive ray analysis (Sec. 8.3) in which a great 
abundance of singly charged hydrogen atomic ions H+, but no doubly 
charged ions are observed. In the preceding section we found that, 
for a revolving electron, the electromagnetic theory would predict a con- 
tinuous spectrum, in contrast to the sharp-line spectrum actually observed. 
Bohr’s first, far-reaching hypothesis states that the electromagnetic theory 
has to be^iscard^ in the description of the^radiation^oirLia^^ - It is 
true'that the Sectromagnetic theory is thoroughly confirmed by experi- 
ments in the macroscopic realm of physics, in particular for the radiation 
from antennas. But this success does not force us to assume that the same 
theorj” will apply to processes in individual atoms, for atoms are so very 
much smaller than any of our laboratory tools that conditions are entirely 
different. 

This is a general consideration that had been applied before in other 
fields of physics. For example, Newiion’s mechanics had been confirmed 
by laboratory experiments and astronomical observations to such an extent 
that it was thought to represent an absolute truth. Now we know that 
it is only an approximation which fails for velocities comparable to that 
of light. Therefore, it is not unusual that an apparently well-established 
law of physics is changed under conditions that are vastly different from 
those under which the law originally had been discovered. 

This repudiation of the electromagnetic theory gave Bohr a wide field 
for new hypotheses to describe the radiation from the electron revolving 
about the nucleus. We shall first discuss Bohr’s general idea and next the 
mathematical development. 

Einstein’s quantum theory of light suggests the hypothesis that an atom, 
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when emitting light of the frequency v, loses by radiation the energy hv by 
going do\\Ti from a state endowed Avith high energy TT' to another with 
lower energy W". Under this assumption the sharp spectral lines observed 
indicate that the atom can exist only in states of sharply defined energy 
content and emits a quantum hv when going from an upper to a lovrer 
energy level. 

How are these sharply defined energy levels to be predicted? Planck’s 
hjiJOthesLs, which was mentioned in the historical sur\''ey, fails to lead to 
the desired result. It only suggests the guess that Planck’s constant h 
somehow determines the energy” levels. A more specific suggestion is given 
by noticing that the dimensions of Planck’s constant are the same as the 
dimensions of an angular momentum. Hence Bohr may have guessed that 
the quantized orbits are defined by the condition that the angular momen- 
tum of the revolving electron is proportional to a multiple of Planck’s 
constant h. Bohr found that the desired result is actually reached when 
the following quantum condition is introduced: The revohdng electron 
exists only in ‘^quantized” energy levels defined by the condition that the 
angular momentum = nh/2ir. The factor l/27r is solely justified by the 
success of the theory. 

This factor has no profound significance because, instead of Planck^s constant h, 
one may as well define a fundamental constant of the value h/2T; then the factor l/27r 
would disappear in our hypothesis, although the factor 27r would show up somewhere else. 

No claim is made that the reasoning just presented constitutes a con- 
\ancing argument that these assumptions are the best ones and 'v\ill lead 
to the correct answer. The reasoning only ser\’’es to indicate a way that 
may lead to the fundamental hj’pothesis. Its validity is tested only by 
the comparison of the resulting theoretically derived spectrum with the 
observed spectrum given by the Balmer formula. We restrict the treat- 
ment to circular orbits. The results of the more elaborate theory of elliptic 
orbits will be briefly reported in Sec. 15.7. 

а. Orbits Given by Classical Physics. As discussed in the review of gravi- 
tational motion, classical physics supplies the condition: centripetal force 
= Coulomb force, or 

jLty^r == Ze- 

б. Quantized Orbits. From the continuum of orbits given by this equa- 
tion, the quantum condition (angular momentum = nh ^ 27 r) selects certain 
sharply defined orbits 

MtT = ^ n = 1, 2, 3, . . . (15.5) 

For any quantum number n the orbit is defined, because now we have two 
equations with the two unknowns r and v. These are easily evaluated in 
terms of n, and the constants e, Z, ju, and h as follows: 
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and 


r = 


47r®jnZe® 


(15.6) 


1 2vZ^ 
n h 


(15,7) 


Furthermore the total energy TF of the electron with respect to the 
nucleus is 


Ze» 1 2Tr^nZ^6* 
2r h* 


(15.8) 


We shall distingui s h W and n' for the upper level from TF" and n" for the 
lower level by the single and double primes. 

c. Spectru7n Theoretically Derived. The frequencies of the spectral lines 
are theoretically derived by Einstein’s equation Aj'th = TF' — IF", or 


TT' - TF" 


2Tr^nZ^e* 

W~ 


(»"* ra'*) 


d. Comparison with the Observation. We are satisfied that this equation 
for Pth has the same mathematical form as Balmer’s equation for j'oba 
[Eq. (15.1)], since the quotient in front of the bracket contains only con- 
stants. But beyond this general resemblance between the two equations, 
Bohr is able to predict the numerical value of the factor cR which is found 
experimentally in the Balmer formula. For the hydrogen atom Bohr 
assumes a nuclear charge of the same absolute value as the electronic charge 
c. The numerical value for e is taken from the oil-drop experiment, that 
for e.'jjL from the cathode-ray experiment, and that for h from the photo- 
electric effect. In this way Bohr derives the numerical value of the factor 

— = 3 X 10“ X 109,700 sec-i 


This is compared with the factor of the Balmer formula 

* 3 X 10^0 X 109,677 sec-^ 

The quantitative agreement is as good as the limited accuracy of the experi- 
ments permits. Since, at present, the fundamental constants e , e / jU , and h 
are known with only four significant figures, the factor can be theoretically 
predicted only within this limit. This is the first outstanding success of 
the theor 5 \ 

In spite of this great success, the student is not urged to accept Bohr^s 
theory’' right away, as it certainly was not generally accepted at the time 
of its discovery in 1913. One may judge that the success is heavily paid 
for by discarding classical physics and replacing it by arbitrary assump- 
tions; hence there is no mathematical way of saying whether these assump- 
tions are necessary or may be replaced by something different. In order 
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to arrive at a judgment of Bohr’s theory, through all the following argu- 
ments we must keep in mind these questions : How do more detailed ob- 
servations compare with the conclusions of Bohr’s theory? How great is 
the fertility of Bohr’s theory" in stimulating new experiments? 

When studying the foundation of Bohr’s theory, the student may be 
disappointed by the fact that the fundamental h}T)othesis is by no means 
a revelation that immediately impresses him as a new truth. This diflfi- 
culty is inherent in the quantum theor 5 \ Our feeling for processes in nature 
is based on daily experience well described by classical physics, as contrasted 
with quantum theory. But we must not approach processes in atoms with 
the naive expectation that we may feel what is bound to happen. Here our 
only criterion for the validity of the theory is the comparison of the theoreti- 
cal prediction ^rith the observ^ed facts. 

Bohr’s theorj’ is an example of the method of research in theoretical 
physics. Here the theoretical physicist has at hand experimental facts 
(such as the Balmer formula) which are unexplained by any kno\\Ti theory. 
He attempts to construct a new theory’’ that will give the desired empirical 
result by trjring out various hypotheses. The theory is then checked by 
investigating expeiimentally the predictions of the theory which result 
from the new hypotheses. The theory is then substantiated imtil a new 
more refined experiment once more reveals a discrepancy, requiring an 
alteration of the theory. This process is still going on in modern quantum 
mechanics. 

16.6. Conclusions, a. Numerical Values of r and v. The radius r of the 
orbit has its smallest value for n = 1, The state of the atom so described 
is called the “normal” state. This implies that all atoms are in this state 
unless they are brought to an excited state (n > 1), e,g., in the electric dis- 
charge by the impact of free electrons. After a short lifetime the excited 
atoms emit radiation. For the normal state (n =* 1) we compute the radius 
r from Eq. (15.6) and find ri = 0.53 X 10”® cm. Here Bohr’s theory, al- 
though piimarily designed to give accotmt of the spectrum, unexpectedly 
predicts the diameter of the atom. The prediction is in satisfactory agree- 
ment with other evidence (Sec. 6.1) although the usual measurements are 
obviously concerned with hydrogen molecules instead of atoms. 

Why does the electron revolving in the “normal” orbit just computed 
not fall into the nucleus to which it is attracted by the Coulomb force? 
All we can say is that normal atoms are observed to have a diameter of the 
order of magnitude 10“^ cm. Therefore, we select ?2 = 1 as the smallest 
quantum number, excluding n =■ 0. We admit that this does not answer 
the question. All we can do is adjust the quantum hypothesis so that it 
fits the observed facts. 

We computed the orbits as given by classical physics on the basis of the 
centripetal force expressed in terms of Newtonian mechanics. Are we right 
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in disregarding the relativity correction? This is not obvious, for the 
ability of electrons to attain velocities comparable to the velocity of light 
has been found in cathode-ray investigations. In order to judge our 
approximation, we must compute the linear velocities of the revolving 
electrons from Eq. (15.7). The highest velocity, occurring for w = 1, is 



Fig. 15.4. Energ}’-level diagram of the 
hydrogen atom. The energy of the 
level 7i = ac is arbitrarily counted as 
zero. The vertical arrows indicate the 
first three lines of the Lyman series and 
those of the Balmer series. 


computed in terms of the velocity of 
light c as wi/c = 7.29 X 10“^. This 
leads to an exceedingly small relativity 
correction. [On the basis of Eq. (8. 14), 
which we did not derive, at this 
velocity the mass \i is expressed in 
terms of the “rest mass” /zo as = 
/zo X 1.000027.] However, observar 
tions made with powerful spectrographs 
are so exceedingly accurate that a small 
relativity effect has been observed. 
This ^vill be reported later in Sec. 15.7. 

6. Energy4evel Diagram. The ener- 
gies of the various quantized orbits 
are computed as 

1 27r^M^6^ 

h? 

and plotted in Fig. 16.4. The negative 
energies given by the equation are 
plotted downward starting from TF = 0. 
This “energy-level diagram” well rep- 
resents the theoretical idea that the 
electron may be lifted upward from the 
lowest level, the normal state, to the 
higher levels, the excited states, from 
which it spontaneously falls down 


emitting light. A spectral line is attributed not to the individual level but 


to a difference between any two levels, the upper level being the initial 


level of the emission process, the lower level the final level. 


Since the frequency of each spectral line is given by z'th = (TT' — IT") A, 
it is proportional to the distance between two energy levels. The Lyman 
series, characterized by the quantum number of the lower level n” = 1, is 
represented by all transitions (indicated by arrow^^s) ending at the normal 
state of the atom. The convergence limit of this series is the highest fre- 
quency that can be emitted by a transition between any two quantized 
hydrogen levels. The Balmer series, characterized by n" = 2, is due to all 
transitions ending at n” = 2; its very conspicuous red line, which gives the 
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red color to the electric discharge through hydrogen, is given by the transi- 
tion from n' = 3 to n" = 2. The transitions between the higher levels, 
from n" = 3 upward, are responsible for the various infrared series. 

There is one question that the Bohr theory fails to answer. Suppose the 
hydrogen atom is excited to the level n = 3. Then it has two alternative 
ways of going down and emitting light. Either it goes down directly to 
the normal level, n = 1, and so emits the second line of the Lyman series, 
or it goes down in two steps, first to n = 2, emitting the first line of the 
Balnier series, next to w - 1, emitting the first line of the Lyman series. 
Bohr’s theory fails to predict the relative probabilities of these two proc- 
esses, which would determine the relative intensities of the various lines 
originating from n = 3. For the higher levels of the atom there are many 
more different ways, more or less direct, for “cascading down’’ to the 
normal level. It is a limitation of the theory that only frequencies, not 
interisities, of spectral lines can be derived. This deficiency is remedied 
by wave mechanics (Chap. 26) which predicts intensities as well as fre- 
quencies. 

The energy-level diagram effectively simplifies the description of the 
spectrum. Originally (Sec. 15.1) we described each series as an aggregate 
of infinitely many lines, and the whole spectrum as containing infinitely 
man>’ such series. The same situation is much more simply described by 
the energy-level diagram which consists of only one aggregate of infinitely 
many levels from which all lines of all series are to be derived. 

c. Energies of Excitation aM Ionization. The energy-level diagram 
directly represents two important quantities characteristic of the atom, 
which will be discussed later in more detail : the energies of excitation and 
ionization. From the diagram we infer that the excitation of the hydrogen 
atom requires as a minimum the energy needed to lift the atom from the 
normal state « = 1 to the lowest excited state n = 2. This energy difference, 
called the “ excitation energy,” is computed from Bohr’s theory as — TFi 
= 16.31 X 10”^- erg = 10.19 ev. It may equally well be computed from 
the frequency of the first line of the Lyman series. 

The other energy difference of outstanding importance is the one be- 
tween the normal state (n = 1) and the convergence limit (n = co). For 
n = oc , the revolving electron is lifted to an infinitely distant orbit which 
is another way of saying that it is separated from the nucleus. Therefore, 
the energj" difference described is the ionization energy of the atom. It is 
computed from the theory (or from the convergence limit of the Lyman 
series) as — Wi - 21.76 X lO""^ erg = 13.58 ev. Later we shall discuss 
another method, independent of the spectrum and Bohr’s theory, for the 
measurement of these two characteristic energies (Sec. 17.1). 

d. Combination Ride. It has been kno^vm for a long time that many com- 
binations exist between the observed frequencies of the various lines 
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emitted from the same atom. When we ^mte the frequency of the first 
line o: the Ljmian series as Li and other frequencies of the Lyman series 
and Baimer series correspondingly, the empirical relation holds 


Li + JBi = L2 

This relation, called the ‘‘combination rule,” and numerous similar ones 
follow directly from the energy-level diagram. Notice that you can add 
frequencies, or quantities directly proportional to frequencies (like energies 
or wave numbers), but it makes no sense to add wave lengths, because the 
justification of the combination rule lies in the energy-level diagram. 

e. Bohr Magneton. According to Bohr’s theory, each hydrogen atom 
represents a circular current, hence is equivalent to a small magnet. For 
any quantized orbit, the magnetic moment M is computed from the relar 
tion given by electrod^mamics 

M = area of orbit X current 

The current equals the charge on the circling electron X number of circles 
described per second. On the basis of Bohr’s theory the result is easily 
obtained; 

^ nh 
M = - 1 — 
iu47rc 

where e = charge on the electron in esu. Hence all orbital magnetic mo- 
ments are multiples of a fundamental magnetic moment 

= 9.27 X 10“^^ erg/oersted. 

This result is of importance in the theory of magnetism, since other atoms 
and molecules have magnetic moments that can be expressed as multiples 
of the same value. This value of the magnetic moment is called a ‘‘Bohr 
magneton." Although the electron is one of the fundamental entities of 
physics, Z.C., not to be predicted on the basis of other data, our argument 
shows that the magneton is a derived constant. 

16.6. Application to the Helium Ion. a. Approximate Treatment. The 
first success of Bohr’s theory beyond the interpretation of the hydrogen 
spectrum was the application of the theory to the helium ion. Helium gas 
ordinarily emits a much more complicated spectrum than that of hydrogen 
atoms. However, under very violent conditions in an electric discharge, 
an additional spectrum appears with a simple structure closely resembling 
the hydrogen spectrum. The unusual conditions required for its excitation 
make it plausible to attribute this spectrum to ionized helium atoms He'^, 
while the complicated more easily excited spectrum is attributed to neutral 
helium atoms. 
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In the visible range the new helium ion spectrum shows a series described 
b}’ the foimula 

v„b, = 4ciB^;p - n = 5, 6, 7, . . . 

Here c = velocity of light as before and Ris& constant very nearly identical 
with the Rydberg constant which enters into the Balmer formula for the 
hydrogen spectrum. For the time being we shall consider the two con- 
stants as identical and postpone the discussion of the slight difference 
between them. The last formula describes a helium series of which every 
second line (for n - 6, 8, 10, . . .) coincides with a line of the Balmer series; 
but the bpliiim series has additional lines (for n = 5, 7, 9, . . .), one of them 
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Fig. lo.o. Balmer series of hydrogen (n'" — 2) compared wnth series of ionized helium 
(n" = 4). The small frequency difference between corresponding lines is not noticeable 
on the «(*ale of the figui’e. 

between any two successive lines of the Balmer series (Fig. 15.5). In the 
ultra\iolet and infrared, the helium ion has still other series described by 
similar formulas. All of them are given by the following comprehensive 
formula, which differs from the Balmer formula by only the factor 4: 

Vobo = 

What prediction does Bohr's theory^ make regarding this spectrum? 
On the basis of an elaborate argument based on the investigation of alpha 
particles (their nuclear charge, specific charge, and scattering. Sec. 14.1) 
we attributed the nuclear charge + 2 to helium thus giving 2 external 
electrons to the neutral heliiun atom. This leaves only 1 external electron 
in the singly charged helium ion He"*", which we have assumed to be the 
carrier of the spectrum just described. As the presence of only 1 revolving 
electron is one of the essential assumptions of Bohr’s theory, we should be 
able to predict the spectrum of the He"*" ion as well as that of the neutral 
H atom. Bohr’s final equation contains the factor Z^(Z = atomic number). 
Hence for He*^ it predicts the factor 4 while the formula for the hydrogen 
spectinim carries only the factor 1. This prediction agrees with the ob- 
served fact and thus strengthens our confidence in Bohr’s theory. 

This success of Bohr’s theory extends farther than just to the spectrum 
of He-^. It has been found that the third element of the periodic table, 
lithium, when under violent excitation (by a spark discharge at low pres- 
sure and high voltage), emits a spectrum described by the formula 
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j'./s = - 1 differing from the spectra treated above by the 

fticcor 9. Correspondingly, this spectrum is explained as emitted from a 
lithium atom that has lost all external electrons but one. The factor 9 
requires the additional assumption that the lithium nucleus has the charge 
'6. Next for beryllium, the fourth element in the period table, an analogous 
spectrum has been observed differing only by the factor 16. Again the 
same idea applies ^Yith the additional special assumption that beryllium 
has the nuclear charge 4. The corresponding observations have been 
carried out for the next heavier elements in the periodic table up to oxygen. 
Thus the nuclear charges are experimentally determined for the next ele- 
ments, namely, boron, carbon, nitrogen, and oxygen, as 5, 6, 7, and 8, 
respecti\^ely. 

We are interested in finding cross checks connecting one line of argument 
with another. The quantitative treatment of the scattering of alpha 
particles led to the rule: atomic number = nuclear charge (Sec. 14.2). This 
relation has been well established in particular for the heavier elements. 
Here, by a completely independent line of reasoning, based on Bohr’s 
interpretation of the simplest spectra, we find the same rule confirmed for 
the eight lightest elements. 

h. Relative Motion of the Nucleus, We mentioned the observed fact that 
the numerical values of the Rj^dberg constant R describing the spectra of 
He*+’ and H, respectively, are nearly but not completely identical. The 
two constants, computed from the obseiwed spectra, are found to be iJn 
= 109,677.8 cm*"^ and i?He = 109,722.4 cm“^. 

Does the theory predict such a difference? The answer was given by 
Bohr, who pointed out that his original theory contained an approximation. 
He had assumed that the electron circles about the nucleus as a planet 
about the sun. As a matter of fact, the planet and the sun both circle 
about their common center of gra^’4ty. The error introduced by the 
approximation is small because the mass of the sun (or nucleus) is very 
much larger than the mass of the planet (or electron), so the center of mass 
is ver\" nearly coincident with the position of the larger body. Bohr applied 
the same refinement of the theory to the motion of electron and nucleus. 
The details of this computation, which strictly follows Bohr’s original 
theory, are relegated to a problem (Prob. 15.4). The result is 

_2r-nM2P€^/l 1\ 

h^ifi + M) n'y 

This formula contains the “ reduced mass” /xil//(/x + M) instead of the elec- 
tronic mass /X appearing in the approximate formula. [Notice that for 
ver\^ large values of M this formula becomes identical with the simpler old 
formula, Eq. (15.9).] The theoretical result quantitatively agrees with 
the experimental values of R, 
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The effect of the relative motion of the nucleus is noticeable in the 
spectrum of heavy hydrogen, called “deuterium.” This is a rare form of 
hydrogen, which has the same nuclear charge as ordinary hydrogen but 
twice as heavy a nucleus. For deuterium Bohr’s theory predicts all the 
same spectral lines as for ordinary hydrogen, except that all of them should 
be slightly shifted because the relative motion of the heavier nucleus is less 
noticeable. The wave-length shifts so predicted agree quantitatively with 
the obseiTed spectrum. As a matter of fact, the predicted spectrum 
played a decisive part in- Urey’s discovery of heavj^’ hydrogen (see Sec. 
20.5). 

This theorj’^ of the spectrum of He"^ constituted an amazing success of 
the Bohr theory. First, it predicted the approximate position of all He+ 
series, interlocking with the hydrogen series, by the idea that the nuclear 
charge of helium is twice that of hydrogen. Next, it even predicted the 
value of the small difference between adjacent lines of He+ and H by the 
relative motion of the nuclei. Finally it predicted the spectra of highly 
ionized lithium and heavier elements and led to the discovery of heavy 
hydrogen. 

16.7. Report on Further Developments. We have witnessed two great 
successes of Bohr’s theory, the theoretical derivation of the spectra of 
hydrogen atoms and those of the next hea\der ions. It seems hardly possible 
that this agreement between obser\’'ation and theoretical derivation is only 
accidental and that the processes in these atoms and ions are inconsistent 
vith Bohr’s hypothesis. In order to arrive at a more thorough valuation 
of Bohr’s theory, we shall give a report on the further comparison of experi- 
ment and tlieorj". Since we shall deal with a development requiring a 
more advanced mathematical treatment, we shall report only results and 
omit the derivations. 

Considering the great importance of Bohr’s theory, Paschen measured 
the spectra of hydrogen atoms and helium ions with the highest precision, 
applying a large concave grating spectrograph. His results were perplex- 
ing. He found that all lines, originally described as single, when photo- 
graphed with high resolution show more or less elaborate fine structures. 
For example, aU ^‘lines’’ of the Balmer series are doublets; that means, 
each one of them consists of two lines very close together with nearly the 
same frequency difference between the components of each doublet, 
hluch more complicated structures are seen upon close examination of all 
‘Tines” of ionized helium. 

Sommerfeld succeeded in adapting Bohr’s theory to this very complex 
observation. While our outline of Bohr’s theory simplifies the problem 
by considering circular orbits, Bohr, in his first paper, had already con- 
sidered the more general case of elli'ptic orbits. They lead to exactly the 
same spectral lines as the circular orbits. However, Sommerfeld success- 
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fiiHv generalized Bohi-'s quantum condition and took into account the 
theory ot‘ relativit}’. We have estimated (Sec. 15.5a) that the linear 
velocities of the electrons are so small, smaller than one-hundredth of the 
velocity of light, that this correction amounts to very little. But the “fine 
stmctui'e” splitting of the spectral lines into components is just such a 
gTT>nll effect. On this basis Sonunerfeld was able to predict the fine structure 
described, i.e., the doublet structure of all Balmer lines of hydrogen and 
the very elaborate structures, different for each “line,” of ionized helium. 
It is true that many of the components predicted by the theory are so close 
together that they cannot be resolved even by the most powerful spectro- 
graphs (Fig. 15.6). Furthermore, this theory predicts only the frequencies, 

I I I I I I I I I I I I 



Experiment 


4686.0 A 4685.5 A 

Fig. 15.6. Fine structure of the line 4,686A of He+ comparing theory and experi- 
ment. Intensities are not represented. The structure covers only about 0.8A. 

not the intenaitieSj of the various components. But within these limita- 
tions the very complex material supplied by experiments turned out to be 
theoretically predictable. This success confirms our belief in the Bohr and 
Sonunerfeld theories of spectra. However, a small deviation between the 
modem, greatly refined theorj” and the observations must be mentioned. 
The red hydrogen line consists of components that are slightly closer to- 
gether than predicted. This discrepancy has recently been confirmed by 
experiments applying the modem microwave technique. This result may 
lead to a revision of the fundamental assumptions (Lamb and Retherford, 
1947). 

The next successes of Bohr’s theory are connected with the effects of 
magnetic and electric fields on spectral lines. When the source of light 
is placed into a strong magnetic field, all spectral lines of hydrogen split 
up into three components with mutual distances proportional to the mag- 
netic field. (Here we disregard the fine structure just discussed.) This is 
called the “Zeeman effect’’ after the discoverer. Again, this effect has 
been derived from Bohr’s theory as generalized by Sommerfeld. But we 
do not dare list this success as a criterion confirming the q'liantum the- 
ory of radiation as against the classical electrcnnagnetic theory, because, 
strangely enough, this effect has been quantitatively derived from the old 
electromagnetic theory' by H. A. Lorentz. The situation is different in 
the case of the electric field. This, too, causes a splitting up of all spectral 
lines of hydrogen but in much more complicated patterns, each original 
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line having its characteristic pattern. This is called the Stark effect.^' 
Frum the quantum theory of Bohr and Sommerfeld all these elaborate 
Stark patterns have been derived, while the classical electromagnetic 
theory completely fails. 

We summarize the successes of Bohr’s theory and Sommerfeld's generali- 
zation by listing the observations that are predicted by the theory: 

I The line spectrum of hydrogen atoms 
X The diameter of the hydrogen atom 

> The line spectra of helium ions and certain ions of the naxt heavier ele- 
ments 

u The small wave-length shift explained by the relative motion of the 
nucleus and the center of mass 

y The fine structure of all lines explained by the elliptic orbit treated with 
the relativity correction 
^ The Zeeman effect 
The Stark effect 

^ One cannot doubt that the theory’' represents a great step forward toward 
the truth. But it has been recognized that its validity is limited. It fails 
to pre<lict the spectra of atoms with more than 1 electron, like the neutral 
helium atom. Here the application of Bohr's theory has not led to an 
agreement with the experiments. 


SUMMARY OF CHAPTER 15 

The spectrum emitted from atomic hydrogen is described by the Balmer 
formula = cR{l /i"® — where c = velocity of light, JB an empirical 
constant, «" = 1 for the Ljunan series, 2 for the Balmer series, etc., and n' 
an integer larger than ?i". 

This spectrum is theoretically derived by Bohr on the basis of the fol- 
lowing hypotheses: The hydrogen atom consists of a stationary nucleus 
carrjring a positive electronic charge and only 1 revolving electron. From 
classical physics the idea is taken that the centripetal force is given by 
the Coulomb force. From the continuum of orbits so described, quan- 
tized orbits are selected by the quantum condition: angular momentum 
~ n/i 2ir. The frequencies of spectral lines are derived from the equation: 
Jivth - IF' - TF" where TF' and TT"" are energies of quantized orbits. These 
hypotheses lead to the theoretical formula 

_ 27r2/xZ2eY 1 1 \ 

ft'7 

which quantitatively agrees with the formula describing the observation. 

Bohr’s theory predicts the diameter of the hydrogen atom in its normal 
state to 1.06 X 10“®, which is in satisfactory agreement with observations. 

The energy-level diagram greatly simplifies the description of the spec- 
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tram. li glvefi evidence of the energies of excitation and ionization and 
ihe cumbination rule. 

The spectrum of He"^ is approximately described by a formula differing 
from the Balmer formula by only the factor 4. This is predicted by Bohr’s 
theory by considering the nuclear charge 2 of helium. Similarly, the spectra 
of Li"*^ and Be"^ and heavier ions are predicted, attributing nuclear 
charges 3 to Li, 4 to Be, etc. A very small difference between the two 
Eydberg constants, observed for H and He"^, is predicted in agreement 
with the observation, by taking into account the relative motion of the 
nucleus about the center of mass. 

PROBLEMS 

15.1. Potential energy, (a) State the difference of potential energy ATTp of a stone 
(mass m) moved from the initial height hi to the final height h. The resulting equation 
holds only near the surface of the earth (^2 — h small as compared to radius of earth). 
It is convenient to define 11% = 0 at an arbitrarily chosen initial height hi so that one 
talks of the potential energy, Wp = mgh, \\ithout mentioning the arbitrary zero point. 
We can choose the zero point arbitrarily since we shall be interested only in certain 
differences of Wp which are not affected by the position of the zero point. Obvious zero 
points are the surface of the earth or the table of the laboratory. (6) Can a mass have 
a negative potential energy? Can a mass have a negative kinetic energy? (c) Suppose 
a giant moves a mass m from the distance ri to ra (distances from center of earth, possibly 
large as compared to the radius of the earth). He must spend the energy AWp 
* — GniM/r^ + GmM/ri (see Sec. 15.3 and Prob. 15.3; G =» gravitational constant, 
3/ = mass of earth). Derive the expression for Wp given under (a) as an approximation 
from the last equation. Express the gravitational acceleration g by the gravitational 
constant (r, the mass M and the radius r* of the earth, (d) Again it is convenient to 
define Wp = 0 at an arbitrarily chosen initial distance n. (We cannot use ri ~ 0 as a 
zero point, since that would lead to infinitely large energies.) Express Wp with the 
radius of the earth r«, as zero point. How large an energy is required to lift the mass m 
to an infinitely large height, z.c., to separate it entirely from the earth? (e) Express Wp 
choosing this infinitely large height as an arbitrary zero point. 

15.2. Velocity of escape from the earth. A body (mass m) with a negligible initial 
velocity falls from an infinitely large distance to the surface of the earth. Disregarding 
air friction, compute the velocity v vith which it strikes the earth (radius 6.37 X 10® cm: 
mass 6.00 X lO^" g; the force outside of the earth is the same as if its total mass were 
concentrated at its center.) A mass thrown upward with a velocity smaller than this 
value vill fall back but, when thrown upward \N’ith a larger velocity, it will leave the 
earth altogether. Compare the velocity computed here with the average thermal 
velocity of hydrogen atoms and hydrogen molecules, at 0®C. 

Comment: The result is that hydrogen atoms with a velocity somewhat exceeding the 
average have a good chance to leave the upper atmosphere for good. 

15.3. Potential energy of gravitational force {calculus method^ to Sec. 15.3). On the 
basis of Newton’s law of gra\itation compute the w'ork required to increase the separa- 
tion of the masses m and M from ri to ro, in particular from n to 00 . 

Hint: (ui Subdhide the distance r^ -- ri into elements Ar so small that within each 
element the force F = GmM/r^ is approximately constant. Express the element of 
work All required to carry m over this distance Ar. (h) Express the total wnrk required 
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h) f'arry m from rx to as the sum of all these elements, (c) While these are approxi- 
luittious, the total work is rigorously expressed by going to the limit for Ar 0, i.e., by 
reijlacing the sum by the integral. Evaluate this definite integral between the limits 
and /i!. (fi) Express the total work for the special case rz « oo. 

15.4. ReMii'c motion of the nucleus (difficult problem). In this problem the student is 
asked to introduce a more refined mechanical picture, taking into account the relative 
motion of the nucleus, into Bohr’s theory of the emission of light from hydrogen atoms 
I Sec. Ir5.4 ). In any orbit, the electron and the nucleus circle about their common center 
of gravity always keeping in oppwite directions as seen from this center. Hence, the 
theory will be simplified by introducing their common angular velocity into the expres- 
sions for the centripetal forces and angular momenta. 

Additional notation: 

M = mass of nucleus 
r = radius of orbit of electron 
R « radius of orbit of nucleus 
V = linear velocity of nucleus 
CO = angular velocity 

Hint: a. State the fundamental equations: Eq. (I) states that centripetal force of 
electron * Coulomb force = eE/(r + 72)®; Eq. (II) states the same for the nucleus; 
Eq. (Ill I states that the total angular momentum of the system of both particles 
= jur-to -h .yi?-co = 7ih/2T. This system of thi’ee equations contains the three unknowns 
r, j??, and co. 

b. Equiitiuns TIi and (II) furnish the well-known condition for the center of gravity. 
Tliis ^ervc." lor eliminating R. What is left is a pair of equations with the unknowns r 
and c«?. 

c. From thift pair eliminate co. Thus one equation is obtained for r in terms of n and 
the fundamental constants. 

d. (i! and r = osr are expressed in terms of n and the fundamental constants. (It is 
advantageous to introduce v instead of ca for the simplest expression of the kinetic 
energy- IFa-. * 

c. The total energy TF = + Wj, is expressed in terms of r, u, R, and V. 

/. fctince under (o and (d) we derived only the expressions for r and v, wq must replace 
R and F by r and v in the expression for the total energy W. 

g. The last step, the computation of the frequency Vth» is the same as in Bohr’s theoiy. 
Introduce the “reduced mass” jjlM/I/j, M) of the system. 

h. Comj)ute the ratio of the Rydberg constants for hydrogen and ionized helium 

on the basis of the atomic w'eights: 5.48 X 10‘* for the electron, 1.008 for 
hydropn. and 4.00 for helium. Compare yoiu- result w’ith the empirical data given in 
bee. 15.6b. \ (III will be able to use your slide rule when you introduce approximations, 

L4 -r a \ = 1/ (1 -f afA '\ = 1 — a/ A for a small as compared with A. 

15.0. i^pectrnm of He"^. The series spectrum of He+ is represented by the formula 

>'=4ci?(4i--4’l 

\\hich seiies of He is observed in the extreme ultraviolet partly coinciding with the 
Lj^an series of hydrogen? Compute the wave lengths (in A) of the first four lines of 
this freries! and compare them with lines of the Lyman series. Assume the same value 
of R for H and He+ 

15.6. Effect of gravitational force. In Bohr’s theory w’e assumed that the electron and 
the proton are kept together by the Coulomb force. In addition, there is the gravitar 
tional force. Compute how large this is as compared to the Coulomb force. 



introduction to atomic physics 




15.7. liritd I n:tgij beds. How far above the normal level are the four lowest excited 
energj” levet < /f the hydrogen atom? Compute the energies (expressed in ev) on the basis 
of the series formula. 

15.8. loumtwn iwrgij. Compute the ionization energy of the hydrogen atom (in 
erg and sv, from the series formula 

V = 3.000 X 10“ X 109,700 - j^Jsec-i 

15.9 Hudrogen of 7nass number three. Assuming that an amount of hydrogen of 
mass niunber three (see Chap. 20) sufficient for spectroscopic e.xamination can be put 
into a tube containing ordinarj' hydrogen, determine the separation of the Ha lines that 
would be observed. 

15.10. Exeitaiionbyheat. Compute the temperature of atomic hydrogen gas at which 

the average kinetic energy of the atoms would be sufficient to excite H atoms to their 
first e.xcited level (w = 2). WTiy is thermal radiation observed at much lower temperar 
tures? 



CHAPTER 16 

MORE COMPLICATED SPECTRA 


16.1. Spectra of Heavier Atoms, a. Term Diagram. The spectra of 
the heavier atoms have led to detailed uifoimation on atomic structure 
which culminated in the interpretation of the periodic table of elements. 
The greater complexity of these spectra is due to the presence of several 
electrons. The spectra of the various elements belonging to the same 
chemical group, like the alkalies or the halogens, are closely related, the 
alkalies exhibiting the simplest spectra. As typical of these spectra we 
shall describe the sodium spectrum (,Fig. 16.1). At first glance the numer- 
ous lines seem to be completely disarranged; no orderly series are obvious. 
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Fig. 16.1. Line spectrum of sodium in the electric arc. Note the (Kstinction between 
diffuse series d and sharp series s. The }’ellow line is strongly broadened. 

Closer inspection, however, shows that certain lines of strikingly high 
intensity belong together as a series, called the “principal series,” tvhich 
converges like any hydrogen series. Amoi^ the weaker lines those of very 
sharp appearance and those of more diffuse character form separate series. 

Although we caimot theoretically predict an energy-level diagram (as 
we did for hydrogen), we can invent a diagram from which we can derive 
the observed series using Bohr’s frequency condition (Fig. 16.2). While 
the energj’-level diagram for hydrogen contains only one column of levels, 
we notice that the sodium diagram contains several. Within the same dia- 
gram all columns of levels converge toward the same limit. The levels of 
the first vertical column are called “S levels,” those of the second column 
“P levels,” and those of the third, “D levels.” These letters are taken 
from the descriptive names (sharp, principal, diffuse) attached to the 
obseiTed series which correspond on the diagi’am to transitions from the 
levels marked S, P, D. The investigation of the infrared spectrum reveals 
many such columns of levels with which we are not concerned. 

Not all possible transitions between any two energy levels on the dia- 
gram lead to spectral lines. Only combinations of two levels that belong 
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to adjacer-t \'ei-tical columns are “allowed.” This rule is called a “selec- 
tion” rule. For example, the principal series is represented in the diagram 
iis a transition of any level of the secoM- vertical column (any P level) to the 
lowest level of the first vertical column (the lowest S level). This latter 
level, the lowest of all the energy levels, represents the “normal state” of 
g P D sodium atom. The fii'St line of this 

0 -^- — — series is the prominent yellow line of 

_ — = — sodium, which makes the light from 

— ZZ ZZ sodium lamps yellow. The selection 

_ rule says that the atom whose energy is 

described by a high P level may emit 
light by radiating an amount of energy 
W j equal to the difference between the 

d atom’s initial energy and the final en- 

s ergy corresponding to any lower S level 

or D level. This gives a great multi- 
tude of different series, most of them 
located in the infrared. Only a few of 

lit - . __ -ill these series, those \vith the lowest S level 

p or P level or D level as the final state of 

the emission process, are to be found in 
the visible or ultraviolet. The lines of the 
principal, sharp, and diffuse series are 
indicated on the diagram. The selec- 
tion rule limits only the transitions tak- 
-8x10"**-- ,„r ing place with emission of light or, as 

Fig. 16.2. Eneri-levd diagram of Y® ®®® ^‘®^’ absorption of 

sodium atoms; p = principal series; lis^^J does not restrict the excitation 
s = sharp series; d = diffuse series, by electron impact. 

The smallest frequency of the princi- This diagi’am fulfills the same pur- 
prominent ^ hydrogen: A large num- 

^ ^ ' ber of spectral lines are described in the 

most economical way. One may wonder whether the diagram of Fig. 16.2 
describes the energies of the atom before and after emission uniquely, or 
whether it might be replaced by a different arrangement that would also 
yield the correct wave lengths for the emitted lines. Actually it is much 
better founded than the argument just presented may seem to indicate. 
Only an example will be given of the additional evidence. With a spectro- 
graph of higher resolving power it is observed that each line described above 
actually consists of a pair of closely adjacent components. For example, 
the yellow line of sodium has two such components differing in frequency 
by 51.54 X 10^® sec“^ This indicates that either the upper or the louver 
level of this line consists of two closely ad j acent ‘ * sublevels. ’ ^ This alterna- 


Fig. 16.2. Energy-level diagram of 
sodium atoms; p * principal series; 
8 = sharp series; d = diffuse series. 
The smallest frequency of the princi- 
pal series belongs to the prominent 
yellow line. 
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Tive is solved hy the observation that exactly the same frequency differ- 
ence is found for all pairs of lines of both the sharp and the diffuse series. 
This fact proves that all these lines mentioned have one energy level in 
common, which when high resolving power is applied, is revealed as con- 
sisting of a pair of sublevels. This conclusion agrees with the proposed 



Fig. 16.3. Small section of iron spectrum from electric arc. 


diagram: The lowest P level is the one common to the whole sharp and 
diffuse series and the first line of the principal series. 

The spectra of other alkali atoms are strictly analogous so that for any 
line of sodium one can point out the corresponding line of any other alkali. 
The elements of the other groups of the periodic table have different, in 
most cases v'astly more complicated, spectra. As an example we reproduce 


A=4680 A=4722 



Fig. 16.4. Zeeman effects in lines of the zinc spectrum, (a) Without magnetic field; 
(6) with magnetic field. {Courtesy of J, B. Green.) 

a small section of the iron spectrum, which illustrates how diflScult a prob- 
lem the analysis may be (Fig. 16.3). 

WTien a beam of light is passed between the poles of a powerful magnet, 
no change in the resulting spectrum is obser\’’ed. But when we put the 
emitting source in a strong magnetic field, we find that each spectral line 
is split up into several components with small frequency differences which 
are proportional to the field strength. This phenomenon is called the 
“Zeeman effect.” For most lines, the patterns so obtained are more com- 
plicated than the group of three components into which the hydrogen lines 
split. An example is given in Fig. 16.4. Even for the powerful fields of 
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large electromagnets, these patterns are so narrow that their investigation 
requires spectrographs of high resolving power. 

The Zeeman effect contributes to the exploration of the sun. Hale (1908) 
discovered that the spectral lines emitted from a sun^ot show the splitting 
characteristic of the Zeeman effect. He assumed that this splitting is due 
to a magnetic field caused by ionized gases whiiiing about the spot and so 
representing a circular electric current. This observation led to a measure- 
ment of these fields, which are of the order of magnitude 3,000 oersteds and 
of an extension in space several times the volume of the earth. 

6. Displacement Law, In our discussion of Bohr^s theory we found that 
the spectra of neutral hydrogen and ionized helium contain closely related 
series, the helium series being shifted toward the ultraviolet by the factor 4 
in the formula for the frequency because of the larger nuclear charge of 
helium. 

Tliis is a special case of the spectroscopic displacement law, discovered 
by Sommerfeld. This law is based on the general rule that the nuclear 
charge equals the atomic number. (This rule we derived from alpha-ray 
scattering and confirmed by applying Bohr^s theory to the lightest atoms.) 
The element magnesium, for example, has 12 external electrons, one more 
than its predecessor in the periodic table, sodium. Consequently, the 
singly charged magnesium ion Mg”^ has only 11 external electrons, just as 
many as neutral Na. This relation explains why Mg‘*' and Na have spectra 
of the same type. Just as with H and He+, the lines of Na and Mg+ can 
individually be correlated, although the lines of the magnesium ion, because 
of the higher charge of the magnesium nucleus, are located at higher fre- 
quencies. This example leads to the displacement law : Any singly charged 
ion has the same tj^je of spectrum as the neutral atom of the preceding 
element in the periodic table but shifted to higher frequencies. 

One can axtend this law to ions that have lost several electrons. We have 
studied the simplest case, comparing H, He"^, Li++, etc., all spectra being 
described by Bohi-'s theory. Corresponding!}’- the spectra of Na, Mg+, 
Al"^, etc., are all of the simple, easily identified t 5 q)e of an alkali spectrum; 
but the spectra of the higher ions are increasingly shifted to the extreme 
ultraviolet (to high frequencies). Hence their investigation requires the 
difficult technique of the vacuum spectrograph. Such a group of atoms 
and ions, which all have the same number of external electrons but differ 
by their nuclear charges, is called an “isoelectronic sequence. 

These experimental results described by the spectroscopic displacement 
law confirm the rule stating that the atomic number equals the nuclear 
charge, because this rule is needed to explain that any singly charged ion 
has the same number of external electrons as the neutral atom preceding 
it in the periodic table. 

c. Energies of Excitation and Ionization, One can derive the excitation 
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energy and ionization energj^ of an atom from its energy-level diagram, 
following the argument applied to hydrogen (Sec. 15.5c). For example, the 
theory predicts that the first line of the principal series (the yellow line 
of sodium, X = 5,S96A; v = 5.083 X 10^^ sec“V is excited only if the energy 
hp = 3.36 X 10”i- erg = 2.10 ev is imparted to sodium atoms in the normal 
state. Furthermore, the convergence limit of the energy-level diagram is 
interpreted as the energ>" (above the lowest, normal level) which, when 
aljsorbed by an electron in the normal state, will allow the electron to 
escape from the atom, hence represents the energy of ionization. The 
height of this con^’^ergence limit above the nor- o p n 

ma! state of the atom is computed from the ~ 

observed (or extrapolated) convergence limit 
of the principal series, i.c., 2,412A. The com- 
putation of hv leads to an energj^ of ionization 
of 8.22 X 10“^“ erg = 5.14 ev. (The unit elec- 
tron volt should not obscure the fact that our 
computation of the energies is based on spectro- 
scopic observations; see Sec. 17.1.) 

<L Meiastahle LeveU. The selection rule men- 
tioned above states that emission of light takes 
place only by transitions between levels that 
belong to adjacent vertical colunms. This 
leads to a curious prediction in the case of cer- 
tain exceptional energy-level diagrams in which the location of the levels is 
somewhat different from the arrangement for sodium atoms. For example, 
ill the energy-level diagram of Fig. 16.5 it happens that the third vertical 
column has its lowest level a little below those of both adjacent columns, 
j In the electric discharge, all possible levels may be excited by impacts or 
ireached, after the excitation process, by emission of light. Thus some 
atoms finally arrive at the lowest D level. Here, although they contain 
energy stored up, the atoms are “forbidden” to radiate by the selection 
rule, because the adjacent vertical columns have no levels with lower 


Fig. 16.5. Schematic energy- 
level diagram containing a 
metastable level (the lowest 
D level). 


energy. This situation gives to these levels much longer lives than the 
ordinary excited atoms hai^e. These special levels are called “metastable” 
in contrast to the common unstable levels and the one and only stable 
level, the noimal state of the atom. The analysis of the line spectrum fur- 
nishes the metastable levels with the same accuracy as all other levels be- 
cause they show up as final levels in the emission of certain spectral lines 
whose initial levels are known. 

^ As good a picture of a metastable level as mechanics has to offer is 
^ven by a rock placed high up on a slope, resting in a shallow hole 
fiom which it may easily be pushed out. WTiile any other position on 
the slope is unstable and the position at the bottom of the valley is stable. 
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the hole gives some inferior stability to a position high above the stable 
state. 

The prediction of metastable levels presented here on the basis of the 
diagram Fig. 16.5 is only a special case. The complete treatment of atomic 
spectra describes the fine structure levels with additional quantum numbers 
which necessitate more selection rules and present other chances of meta- 
stable levels. Such levels occur in mercury, helium, oxygen, and other 
atoms. We shall come back to them in the discussion of absorption spectra 
and impacts of the second kind (Sec. 17.5 and 17.10). 

It is an overstatement that metastable levels are entirely unable to 
radiate. It is more accurate to say that their probability of radiation is 
exceedingly small. Hence they have theoretical lifetimes a great deal 
longer than the common, unstable levels, possibly a million times longer. 
But in an electric discharge, the metastable levels, exposed to a permanent 
bombardment by electrons and ions, hardly ever reach the old age that 
would lead to their natural death by radiation. Instead they suffer many 
collisions with other particles, one of vrliich may give the metastable atom 
enough energy to raise it to an unstable level, after which it radiates and 
so goes do\vn to the ground state. The situation is different in nebulae and 
the solar corona. Here no walls are present as in a discharge tube, and the 
density is only about that of our atmosphere. Therefore, collisions 
are much rarer in nebulae and the corona, and the chances of survival of 
metastable atoms so much greater that intense spectral lines due to for- 
bidden transitions, i.e., transitions from metastable levels, are observed. 
The spectra of planetary nebulae show lines which, decades ago, were 
attributed to a mysterious element called ^'nebulium.” At present, we 
are sure that there is no place for more elements in the periodic table as 
will be discussed in the section on X rays (Sec. 19.2a). Now^ these nebulium ! 
lines are attributed to forbidden transitions in ionized oxygen and nitrogen J 
atoms. Recently lines in the solar corona have been explained as forbidderi 
lines in highly ionized iron, nickel, and calcium atoms. ^ 

A forbidden transition is prominent in the northern lights. These lighiUs 
are explained by charged particles ejected from sunspots during an eru^J)- 
tion, which, in many cases, is observed as a brilliant light flaring up m the 
spot. These particles on approaching the earth have two effects. ^:They 
are the equivalent of an electric curi’ent, affecting compass neec|^^es and 
causing a magnetic storm. In addition, Avhen entering the uppr^gr atmos- 
phere, they represent an electric discharge through a gas. Because of the 
very low- pressure, a forbidden transition w^ithin oxygen ato;ms can take 
place. This is responsible for the greenish color of the no;ii!iern lights. 

c. Report on Further Developments. In the further de<"elopment of our 
knowledge of atomic spectra, experiment and theory are closely interlinked. 
The spectra of the alkali atoms (Figs. 16.1 and 16.2) occupy an intermedi- 
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ate position between the simple hydrogen spectrum and the other much 
more complex atomic spectra. An alkali atom is assumed to consist of a 
nucleus surrounded by '‘shells’’ of electrons, which remain in their very 
stable positions, and one particular electron, called the ‘^series electron/’ 
which can readily be excited. When returning to a position of lower energy, 
the series electron is responsible for the radiation emitted. (This structure 
will be discussed further in the chapter on the periodic table, Chap. 18.) 
WTien the series electron is in a large circular orbit around the nucleus and 
the other electrons, which lie in more closely packed shells, it is affected 
by the nucleus and the other electrons as if all their charges were concen- 
trated at the nucleus. Thus, in the case of sodium, the nucleus has a charge 
of + 11, but this is masked by shells of altogether 10 electrons, so that the 
series electron is influenced by a charge of only + 1 at the nucleus. This 
picture explains the fact that in any alkali atom the high-energy levels 
have nearly the same relative positions as in the hydrogen atom. On the 
other hand, the lower energj" levels differ from those of the hydrogen atom 
since here the series electron closely approaches the shells of the more stable 
electrons or may even penetrate into them. 

The more recent development of wave mechanics (starting 1925, see 
Chap. 26) essentially confiniis the quantum numbers introduced by Bohr, 
but slightly changes their numerical values. For example, it attributes zero 
orbital angular momentum and zero orbital magnetic moment to the first 
column of levels designated above as S levels. (This column has a particu- 
lar importance since, for the atoms of many elements, e.gr., the alkalies, it 
includes the normal states.) The foUo^ving columns (the P levels, D levels, 
etc. ) have the orbital angular momenta 1, 2, etc., respectively. 

It has been mentioned above that the alkali spectral lines show a doublet 
structure. This fact leads us to a new hjT>othesis, which is of great im- 
portance for spectroscopy as w^ell as for nuclear theory. It is assumed that 
each electron, in addition to its orbital motion considered by Bohr and 
Sommerfeld, performs a spin motion about its own axis (Goudsmit and 
Uhlenbeck, 1925). Obviously, the starting point for this hypothesis was 
the planetary motion. But in quantum theory the spin is restricted by a 
quantum condition 'which is adjusted so that the conclusions agree with 
the obseiTed facts. In this case the condition is strikingly simple: The 
angular momentum of the spin is once and for all J 2 X (without a 
variable quantum number). 

In order to justify the further assumption regarding the positions of the 
spin, 'we must go back to an older result derived from Sommerf eld’s general 
quantum conditions dealing Avith the orbits of the electron. This theory 
predicts that, when the atom is subjected to an external magnetic field, 
the orbits take up discrete orientations with respect to the direction of the 
field, the allowed orientations being described by certain quantum numbers. 
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This is called space quantization/' In the theory of the alkali atom the 
same idea is applied to the electron Bpin, which is subjected to the magnetic 
fieid caused by the orbital motion of the electron. Here space quantization 
implies that the spin is either parallel or antiparallel to this magnetic field. 
These two positions of the spin represent energies that differ only slightly. 
They are responsible for the splitting up of the energy levels into close 
pairs, and thus for the doublet stmcture observed. 

At the same time the h}T)othesis of the electron spin explains the com- 
plicated Zeeman patterns characteristic for one or the other spectral line. 
Here for each energj'' level, space quantization of the total angular momen- 
tum (the vector sum of the orbital and spin momenta) is assumed. This 
leads to the prediction that the magnetic field causes each level to split up 
into a group of sublevels. For a quantitative prediction of these sublevels, 
an assumption must be made regarding the magnetic moment associated 
with the spinning electron. Considering the orbital motion, we were able 
to compute the magnetic moment (see Sec. 15.5e), since there the electric 
charge obviously travels along the same orbit as the mass. For the spin, 
however, no such prediction can be made. All we can do is invent an extra 
hypothesis such that the observed facts can be derived from the theory. 
WTien we assume that the magnetic moment of the spin equals one magne- 
ton, the obseiwed Zeeman effects are quantitatively predicted. 

The elements of the second vertical column of the periodic table, the 
alkaline earths, are interpreted as having 2 series electrons. Here a new 
h 3 i)othesis is needed regarding their mutual interaction. It is assumed 
that their respective orbital angular momenta are oriented with reference 
to one another according to the rules of space quantization, that the same 
is true for the two spin momenta, and, finally, that space quantization 
governs the relation betw^een the resulting orbital and spin momenta so 
produced. Again the Zeeman effects are predicted by the quantized 
orientations of the total angular momentum in an external magnetic field. 
Thus a few consistent rules lead to the theoretical interpretation of a vast 
material of spectral lines and their Zeeman effects. We shall come back 
to the same system of quantiun numbers w^hen reporting on the theory of 
the periodic table of elements (Sec. 18.9). 

The same basic idea is applied to the interpretation of more refined ob- 
ser\"ations. With spectrographs of very high resolving power, a very 
narrow “h\T)erfine structure’' of many spectral lines has been discovered. 
This is explained by attributing angular momenta and magnetic moments 
to the nuclei and assuming similar rules for their orientations with respect 
to the total electronic angular momentum. This is one of the few connecting 
links between spectroscopy and nuclear phj^sics. The exploration of the 
hjperfine structure of spectral lines has led to the determination of many 
nuclear angular momenta and the magnetic moments associated with 
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ihcm. They have been confirmed by entirely different experiments (see 
■Sec. 20.7). 

/. Quantitative Spectral Analysis. It has been known for a long time 
that in an electric discharge the relative intensities of the spectra of several 
gases in a mixture fail to indicate their relative concentrations. The reason 
is that there are other factors affecting the intensities, partly inherent in 
the atomic structure as probabilities of transition, partly depending on the 
velocity distribution of the electrons in the discharge. The many unknown 
factor's involved prevented quantitative spectroscopic analysis for a long time. 

Only in the last two decades has progress been made. This success is 
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Fig. 16.6. Part of a molecular spectrum; cyanogen bands. 

directly based on experience and is independent of atomic theory. Suppose 
liiat in the manufacturing process of steel we want to test the concentration 
of manganese in iron. To begin with, for the purpose of calibration, we 
prepare a set of mixtures of iron vnth small percentages of manganese, say, 
0.3, 0.4, 0-5, etc., per cent. The spectra of these samples, excited by an 
electric spark, are photogi'aphed, and the relative intensities of some repre- 
sentative lines of iron and manganese are measured. Next, a sample with 
an unkno\Mi concentration of manganese is investigated in the same way, 
and by comparison with the set of calibration spectra the concentration 
of manganese is determined. This method of testing, although of limited 
application, has practical importance because it is more rapid than many 
chemical tests. In particular it is suitable for small impurities. 

16.2. Molecular Spectra. A typical molecular spectiTun is given by 
Fig. 16.6. It is more complicated than an atomic spectrum by the appear- 
ance of broad bands. For this reason molecular spectra are frequently 
called “band spectra” as contrasting to ‘‘line spectra” emitted by atoms. 
In most cases these bands can be resolved into individual sharp lines, which 
by their crowded arrangement give the impression of bands. Typical of 
most bands are the sharp and intense edges. Superficially, they look very 
much like series converging limits. But this impression is misleading, since 
in some cases the lines near the edge can be completely resolved and in 
other cases the law describing the individual lines is so well known that 
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there is no question about the fact that the edge represents only a finite 
number of lines crowded together in a peculiar arrangement. 

Only a brief report of the theoiy- of band spectra will be given. These 
spectra, wliich for decades defied analysis, were interpreted soon after the 
discovery of the Bohr theory. Here both vibration and rotation of the 
atoms constituting the molecule take place and must be taken into account 
in addition to the electronic excitation. For both these motions, quantum 
theory predicts quantized energy levels. 

The energy levels of the rotation have a very narrow spacing of the order 
of hundredths of an electron volt. Quantum transitions between such 
levels lead to radiation in the extreme infrared. The energy levels of vilra- 
lion have a wider spacing of the order of tenths of an electron volt. Quan- 
tum transitions between vibrational levels produce a radiation in the near 
infrared, (Ordinarily a change of a vibrational quantum is accompanied by 
a simultaneous change of a rotational quantum. The various combinations 
lead to the ^Subration-rotation bands in the near infrared.) Finally, a 
quantum change of the electronic state of the molecule, which causes visihle 
or ultraviolet radiation, ordinarily takes place with simultaneous changes 
of \dbration and rotation. These combinations are responsible for the 
complicated band spectrum of Fig. 16 . 6 . 

A whole band system, covering many hundred angstrom units, may be due to one 
definite change of electronic orbit, hence correspond to one single line in an atomic 
spectrum. In the molecule the simultaneous changes of vibration and electronic energy 
cause the coarse structure; this means that any one single hand with its sharp edge is due 
to a simultaneous change of electronic orbit, one well-defined change of vibration, and 
all possible changes of rotation. Finally, any one single sharp line within this band is 
attributed to a well-defined change of rotation. 

Fine structures of the individual rotational lines belonging to a band are 
interpreted by the electron spin (see Sec. 16 . le) which proves as important 
in the interpretation of molecular spectra as in atomic spectra. 

Recent new discoveries in spectroscopy are due to the extensive develop- 
ment of microwave techniques during the Second World War. Developed 
for the purpose of radar, microwave transmitters of great constancy make 
possible the investigation of important new absorption spectra of molecules 
in the range between the extreme infrared and radio wave lengths. 

The interpretation of molecular spectra may w^ell be listed among the 
great successes of the quantum theory. The analysis of these spectra led 
to a better understanding of molecular structure. Molecular spectroscopy 
is a wide field in which no border line exists between physics and chemistry. 

SUMMARY OF CHAPTER 16 

As an example of a spectrum of an atom heavier than hydrogen, the spec- 
trum of sodium is described on the basis of its energy-level diagram. This 
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contains levels arranged in several vertical columns. The selection rule 
states that transitions connected t\ith emission or absorption of light take 
place only between levels that belong to adjacent vertical columns. Such 
transitions lead to the various series: principal, sharp, and diffuse. The 
spectra of other alkali atoms are strictly analogous. 

The Zeeman effect of most lines is more complicated than the pattern of 
three Zeeman components shottm by the hydrogen lines. 

The displacement law states that any singly charged ion e.xhibitsthe same 
tj’pe of spectrum as the neutral atom of the element preceding it in the 
periodic table, but shifted to higher frequencies. This law confirms the 
mle: atomic number = nuclear charge. 

The analysis of the spectrum and its description by the energy-level 
diagram lead to the prediction of the energies of exdtaiion and imizedim. 

.\n atom in a metastable level is in an energy state such that the selection 
rule allows it only a small chance of radiating light and falling to a lower 
energ>' state. This defect gives it a lifetime much longer than atoms in 
ordinary’ e.wited levels have. In the conventional light somces of the 
laboratorj', atoms in metastable levels ordinarily have no chance at all of 
emitting light because, during their extended lifetimes in such levels, they 
are lifted out of the levels bj* collisions. Nevertheless they may have a 
chance of radiating light at the very low pressures that prevail in planetary 
nebulae, the solar corona, and the upper atmosphere of the earth. 

Bohr's theoiy does not quantitatively predict the energy levels of more 
complicated atoms. However, with the additional hypothesis of the elec- 
tron spin, the theoiw' gives account of the various series constituting an 
atomic spectrum, in particular of the fine structure of the lines and their 
splitting in a magnetic field (Zeeman effect). Finally, the hyperfine struc- 
ture of spectral lines is interpreted by attributing a spin to the nucleus of 
the emitting atom. 

Quantitative spectral analysis is possible only in special cases on the basis 
of a calibration. 

Molecular spectra (band spectral are interpreted as due to simultaneous 
changes of electronic energj', vibration, and rotation of molecules. 
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In the present chapter the various processes by which atoms and mole- 
cules may receive or give aivay energy %\'ill be interpreted on the basis of the 
quantum theory. We shall first consider collision processes, nmrt the emis- 
sion and absorption of light, then chemical processes involving excited 
atoms, and finally collisions of the second kind, which will take us back to 
chemistiy. As a general point of view, we shall keep in mind our continued 
search for additional tests of the theory. For many processes we shall find 
illustrative cases in nature. 

17.1. Excitation and Ionization by Controlled Electron Impact. We 
derived the excitation energy and ionization energy of atoms from the 
energ}’-level diagram, which is constructed solely on the basis of spectro- 
scopic observations (Sec. I 6 .I 0 ). In the present section we shall supple- 
ment the e\’idence ( 1 ) by a combination of spectroscopic and electrical obser- 
vations and ( 2 ) by a purely electrical experiment. In any case we shall try 
to find an answer to the question: WTiat happens to electrons which pass 
through a gas or vapor on their waj" from a glowing cathode to an anode? 

By way of preparation we must find out what happens to electrons if all 
their collisions with atoms are governed by the laws of elastic collisions. 
These are general considerations that we shall apply later to the various 
collisions suffered by corpuscular raj's in nuclear physics. The electrons 
emanate from the glowing metal with thenmal velocities, which are negli- 
gible as compared with those imparted bj’’ an electric field acting between 
cathode and anode. In anj' elastic collision between a fast electron and a 
slow atom, because of the vast difference of the masses, the electron keeps 
practically all of its kinetic energy but changes its direction (see Prob. 14.1). 
If the electron coming straight from the filament bounces exactly backward, 
it is decelerated by the same potential difference which, before the collision, 
had accelerated it. It behaves the same way as a rubber ball dropped from 
a certain height and bounced back from the floor. If, instead, the electron 
bounces off at an angle with the field, the same is true for the forward or 
backward component of its velocity. Therefore, at any distance from the 
cathode all electrons have the same kinetic energy, only the direction of 
their velocities may have been changed by collisions. This applies in general 
to electrons that are deflected in any direction by elastic collisions with 
atoms. Unless the number of intervening collisions is excessive, the elec- 
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when reaching the anode have nearly the kinetic energy given by the 
putential dift’erence between the cathode and the anode; their velocities 
are directed preferentially parallel to the electric field. 

Franck and Hertz (.1914) excited the 2,536A line of mercury atoms by 
controlled electron impact. This first line of the principal series of mercury 
is nrobably the most photographed spectral line, as it is used in many in- 
vestigations in physics as well as photochemistiy (see Sec. 17.10). From 
the obseiwed wave length the eneigj' difference between the initial and 
tiinil levels giving rise to the \ 2,536 line is computed to be 4.88 ev (Sec. 
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F:<,. 17.1. Excitation of atoms by controlled electron impact (Franck and Hertz). 
Electrical and spectroscopic observation combined; (6) electrical observation only. 


16. Ir,). The experiment is performed in low-pressure mercury vapor 
through which electrons from a glowing cathode travel. The electrons are 
accelerated tow’ard a grid, beyond w^hich they shoot into a field-free space 
and hence keep the velocity they had w-hen passing through the grid (Fig. 
IT.lfl). At low’ values of the accelerating voltage the vapor remains dark 
but, w'hen the voltage is increased to a certain sharply defined value, 
the single line X 2,536 suddenly appears, unaccompanied by any other 
radiation. The critical voltage is found to be equal to the excitation energy 
(4.88 ev ) of the initial state for emission of X 2,536, within the experimental 
error. 

In the other experiment to be discussed, first performed by Franck and 
Hertz ^^1914j, the fate of the impinging electrons is traced by electrical 
experiments only. One uses a three-electrode tube containing a glowring 
cathode (preferably an equipotential cathode), a metal grid at a distance 
of a few’ centimeters from the cathode, and a plate right behind the grid 
(Fig. li .li>). Again the electrons emanating from the cathode are acceler- 
ated by a variable potential difference to the grid. Those passing through 
the meshes of the grid have to overcome a small, constant retarding potential 
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difference of, say, }2 volt in order to reach the plate. A galvanometer 
reads the plate current. Other electrons flow through the metal of the grid 
and so form the other branch of the total current. The tube contains a gas 
or vapor, like mercurj’’ vapor, at such a low pressure that between the 
cathode and the grid the electrons suffer many collisions, but only a few 



— Grid Potential (volts) 

Fig. 17.2. Excitation potential of mercury vapor measured by controlled electron 
impact (students' laboratory experiment). 


or no collisions over the short distance between the grid and the plate. 

On the basis of the considerations given above, we can predict what will 
happen if the collisions between electrons and atoms are elastic. Electrons 
when accelerated by one or several volts and passing through the meshes 
of the grid should easily overcome the small retarding voltage and reach 
the plate. If so, they are registered by the galvanometer. 

Franck and Hertz measured the plate current as a function of the acceler- 
ating potential difference between the cathode and the grid. They found 
curves like those of Fig. 17.2, characterized by a succession of equally 
spaced maxima. For mercury vapor, for example, the distance between 
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Tweaks is always 4.88 volts, respective of any detail of the apparatus. The 
authors explained the shape of the curves as follows: At low potential 
dih'erences the current is limited by the space charge (Sec. 10.2), which is 
HOT materially affected by the presence of the vapor. This explains the 
hrst gradual increase of the current. Above a sharply defined energy limit, 
4.SS ev in the case of mercury, the mercury atoms take away the kinetic 
energy from the electrons in collisions and so obtain theii’ energy of excita- 
tion. These collisions are inelastic since kinetic energy is changed into 
another type of energy. If electrons reach the grid with a Idnetic energy 
of 4.88 ev and there are robbed of this energy hy mercury atoms, they are 
unable to overcome the retarding voltage; hence the plate current drops. 
At further increasing accelerating voltage the layer in which this energy 
loss occurs is being shifted to a position closer to the cathode. Now the 
electrons, after suffering one energy loss, have a chance to recover and 
reach the grid with an appreciable energy, which enables them to overcome 
the small retarding voltage. This explains the second increase of the cur- 
rent. At a definite higher voltage the electrons suffer this first loss already 
near the middle of the distance, pick up just another 4.88 ev when they 
reach the grid, and there suffer a second loss of the same size. Hence the 
plate current drops again and so forms the second maximum. This process 
continues for higher voltages. (AVe are not concerned with the fact that 
the whole curve may be shifted along the V axis depending upon the surface 
properties of the metals, described as ^^contact potential difference.’^ 
The difference between successive maxima is always 4.88 volts. The out- 
standing result is that here the excitation energy of atoms, 4.88 ev for 
mercury, is measm'ed by a purely electrical method. 

WTiat bearing has the experiment of Franck and Hertz on the theory of 
radiation from atoms? Everybody knows that a very soft touch mth the 
hammer excites a bell to a very low-intensity vibration. The experiment 
just presented, however, gives evidence that nothing of the kind happens 
when the electron hits the atom. At low energy the collisions are elastic 
and fail to give any energy of excitation to the atom. Only above a sharply 
defined limit characteristic for the atom is the atom able to receive energy 
in an inelastic collision. Then the full, quantized value of the energy of 
excitation is transferred. Hence the experiment gives a strong confinna- 
tion of the fundamental idea of the quantum theory as opposed to the 
classical theory of radiation. jMoreover, a quantitative confinnation is 
obtained from the fact that both the electrical and the spectroscopic method 
(Sec. 16.1a) lead to the same value of the excitation energy. The intensity 
of a spectral line emitted from an electric discharge is determined by the 
number of atoms emitting light and the number of excitation processes 
suffered by each atom per second; but the individual emission process 
always occurs vdth the same energy. 
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In more detailed experimental investigations it has been found that the 
chance for a transfer of excitation energy to the atom depends strongly on 
the excess energy- of the impinging electron. Electrons with an energj* 
slightly exceeding the minimum value have the highest probability; with a 
further increase of kinetic energy, this probability is strongly decreased. 

Measurements of this kind have been carried out for all elements avail- 
able as gases or vapors. For many years, while the technique of the 
vacuum spectrograph was not yet fully developed, these experiments gave 
the only available evidence of the excitation energies of the rare gases, the 
spectra of which were not completely accessible. 

In nearly the same apparatus Franck and 
Hertz measured the ionizing potentials of gases 
and vapors. For this measurement the retard- 
ing potential between grid and plate is made 
much larger, perhaps as large as 20 volts. This 
potential keeps electrons away from the plate 
throughout the experiment. Furthermore, the 
pressure of the gas or vapor is reduced to so 
low a value that the mean free path is much 
longer and the electrons have a good chance of 
picking up higher kinetic energy without losing it to the excitation of atoms. 
For this arrangement the I~V curve looks entirely different (Fig. 17.3). The 
current is zero up to a certain limit and then suddenly increases. The 
galvanometer is deflected in the direction opposite to that of the other ex- 
periment. Franck and Hertz explained this curve as follows: The elec- 
trons are able to produce ionization only after reaching the ionization 
energy. The positive ions so produced near the gidd are subjected to the 
field between the grid and the plate and pulled to the plate. (A correction 
must be applied for the contact potential difference mentioned above.) The 
results of these electrical measurements agree with the ionization energies de- 
rived spectroscopically from the convergence limits of the series (Sec. 16.1c). 

17.2. Electric Discharges through Gases, a. Processes in the Electric 
Discharge. Electric discharges through gases may be classified, according 
to the origin of the carriers of electricity, into self-maintained and non-self- 
maintained discharges. In the non-self-maintained gas discharge the 
carriers are electrons liberated from metals by photoelectric effect or heat, 
ur they are electrons and ions generated in the gas by X rays or radioactive 
rays. In any case the carriers are generated by some outside agent, which 
must continue to act as long as the discharge runs. The intensity of the 
electric current depends on this agent. Therefore, we employ such non- 
self-maintained discharges for measuring the intensity of X rays or radio- 
active rays. An example is the X-ray dosimeter (see Sec. 19. Id). 

It is less easy to understand the self -maintained gas discharge. Well- 



Fig. 17.3. Ionization poten- 
tial measured by controlled 
electron impact. 
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An' )\\'n examples are the neon sign, the electric arc, and lightning. Here 
:ho cii'fharge itself generates the earners of electricity b}’' processes that we 
w'unt to analyze. There are three t\T)es of self-maintained gas discharges: 
Tne spark, the arc, and the low-pressure discharge. We^all describe the 
iovv'-pres.'?nre discharge in some detail because of the importance of the 
catiiode ray and positive ray, both of which are parts of it. 

Ail gases at atmospheric pressure are good insulators unless the applied 
\’oltage is so high that a spark discharge occurs. At reduced pressure, say, 
of a few centimeters of mercury, a potential difference of a few thousand 
yo\\> readily starts a discharge. The conductivity of the gas has a maxi- 
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Fig. 17.4. Electric dis£*htirgo through a 
at low presi=ure. 
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Fig. 17.5. Potential distribution along 
discharge. T" « potential difference 
against cathode; d « distance from 
cathode. 


mum at about 1 mm pressure. The phenomena vre are interested in are 
most clearly exhibited at a pressure of a few hundredths of a millimeter. 
Figure 17.4 shows the dischai^e at this low pressure. The difference be- 
tween the parts near the two electrodes is striking. Near the negative 
electrode, the cathode, there is a dark space, called the “Crookes dark 
space." a few centimeters long. This part of the discharge is rather sharply 
limited, on one side bj* the cathode (or rather by a thin luminous layer 
covering the cathode), on the other side by another luminous layer stretch- 
ing fanher into the discharge. The length of the Crookes dark space in- 
creases with decreasing gas pressure and, within a certain range, can be 
used conveniently for measuiing pressures of gases. Its length is of the 
same order of magnitude as the mean free path of the gaseous molecules 
(Clmp. 5;. We are less concerned with the so-called “positive” column, 
which extends toward the positive electrode and in many cases shows 
another dark space followed by brilliant striations. 

In order to explore the potential distribution along the dischai-ge, we 
introduce into the tube several probes made of short metal wires sealed 
through the glass wall, with all but the tips covered with glass. An electro- 
static voltmeter between the cathode and any probe measures the potential 
ditieience between these two spots. (A thorough investigation shows that 
the probe method is subject to errors of several volts, but they are negligible 




TO ATOMIC PHYSICS 


[Sec. 17.4 


AT;:: I iho putontial drop at the cathode, we 
d> ‘ ;:i die AectncdiHdiarge. The cathode drop causes 

1 , It aci-eierares positive ions toward the cathode over one 
3i;can five piith to =o high an energy that they knock electrons out of the 
caAiooc. .2 ■ It ac«.*cieratca these electrons away from the cathode so that 
they io2-in the cadaxle ray. >3i It enables the positive ions that pass 
through a canal drilled through the cathode to form a positive ray. 

17,3. Excitation and Ionization by High Temperature. So far we have 
discussed excitation by impact of electrons and positive ions. Xow we 
come to excitation by impacts between neutral bodies. It is well known 
that a solid body emits light when heated to a high enough temperature. 

Source of 

Continuous 

Spectrum 

Fig. Investigation of an absorption spectrum. The vapor removes light of cer- 
tain frequencies? ir«jni tiie otherwise continuous spectrum. 

This fact, demonstrated by every incandescent light bulb, is true for gases, 
too. The flame of the bunsen burner is not a clear-cut demonstration, 
because there one cannot readily distinguish the effects of heat and chemical 
reactions. But gases and vapors in high-temperature ovens emit their 
characteristic spectra in the absence of electric currents or chemical reac- 
tions. This proves that thermal collisions between atoms or molecules 
may produce excitation. It is true that at the highest temperatures avail- 
able in the laboratory (a few thousand degrees centigrade) the average 
energy of mutual collisions is only of the order of magnitude 1 3 ev, which 
is much too small for the excitation of visible radiation. But at this tem- 
perature the occasional collisions of much higher energj’' are sufficiently 
numerous to produce light. Ionization, which msiy be considered as a 
special kind of excitation, occurs as well. 

17-4. Absorption Spectra. Our foremost interest in absolution spectra 
is based on the evidence they give of atomic structure and processes in 
gases. fThe word gases” will include vapors since their distinction is of 
no importance spectroscopically.^ Furthermore, absorption of light will 
give us a good chance to compare the spectra of gases, liquids, and 
solids. 

a. Sharp-iine Absorption Spectra of Gases. For the simplest investiga- 
tion of absorption spectra (Fig. 17.6) we focus on the slit of a spectrograph 
the light from a source emitting a continuous spectrum. Somewhere be- 
tween the source and the slit we place the absorbing gas. This may be 
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c'.DnrainocI in a tube closed by glass windows or, for observations in the ultra- 
violet. (iuartz windows. For a demonstration experiment, the absorber 
niiiv I '^e a huiisen buraer in which a small piece of metallic sodium is evapo- 
rated: a glowing filament (or the crater of the arc) provides the continuous 
background on which the absorption spectrum of sodium shows up as a 
black line in the yellow region. 

We mentioned before (Sec. 15. Ij the fact discovered by Bunsen and 
Kirchliotf that the absorption spectrum contains lines observed also in the 
rmissioN spectrum. The demonstration expeiiment described gives the 
new evidence that the absorption spectrum contains only a selection from 
the emission lines. For example, the absorption spectrum of sodium vapor 



Fig. 17.7. Absorption spectrum of sodium vapor (pbotographic positive). Notice the 
continuous absorption beyond the limit of the absorption line series; limit indicated 
by arrow. {Courtesy of G, R. Harrison,) 

shows exclusively the principal series and no trace of the sharp or diffuse 
series (Fig. 17.7), The absorption spectinim of atomic hydrogen (investi- 
gated by a more elaborate technique than that of Fig. 17.6) shows only the 
Ljinan series. In general, only those series show up in absorption which 
are connected vith the normal state of the atom. 

This restriction is understood on the basis of the quantum theory. An 
absorption process, lifting an atom from a lower to an upper quantized 
energ\' state, is pictured as the reverse of an emission process, in which the 
energ>^ of the atom goes from the upper to the lower level. The sharp and 
diffuse series are not absorbed, because the initial state of their absorption 
(the lowest state of the sccorud vertical group, Fig. 16.2) is not present in 
the vapor, at least under the ordinaiy laboratory conditions. Their simpler 
structure makes absoiption spectra a powerful tool for the difficult analysis 
of complex spectra. 

Certain observations that are exceptions to the rule just discussed actu- 
ally confirm the underlying idea. In the atmosphere of the sun atomic 
hydrogen strongh" absorbs the lines of the Balmer series, although this 
series is not connected with the normal state of the hydrogen atom (Fig. 
15.4). This exception is explained by the high temperature of the sun, 
which exceeds the temperatures available in the laboratory. As a result 
of this temperature, a small percentage of all hydrogen atoms (four or five 
out of every thousand million) are always to be found in the first excited 
level and so are able to absorb the lines of the Balmer series. 
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' ri'r ;:i'T:rL:r::r because of the following objection: 

VVh'jn I riic- ai;>u:p:;uri of white light by sodium vapor, the first 

lii. ' u:' 'hf/ tiie vreii-iaiuwn yellow line, is strongh" absorbed. 

fuuriuuitiiy creates sodium atoms in this specific excited level 
v'hici:, in turn, is expected to act as the lower level for the absorption of 
die sharp and iliSusc series. Whv^are not these series noticeable in the 
absorption spectrum? They fail to show up because of the exceedingly 
di‘ »rt lifetime of tlie excited state. It is true that many sodium atoms per 
second are raised to the excited level, but they radiate after so very short a 
lifetime tiiat ordinarily no appreciable population of atoms in the excited 
state is built up. Here we can only vaguely argue that the lifetime of the 
excited level is exceedingly short. Later (Sec. 17.11) we shall discuss a 
measurement of the lifetime, which leads to a value of about 10”® sec. 
The processes by which the lives of tlie excited levels are terminated, radia- 
tion or impacts of the second kind, will be demonstrated later (Secs. 17.6 
and 17.10,1, 

Tlie comparison of the absorption spectrum with the energy level dia- 
gram i.Fig. 16.2 ) shows that the selection rule applies to absorption as well 
as to emission of light. Transitions take place only between levels that 
belong TO adjacent vertical colunms of the diagram. For example, the 
nomial state of the atom, belonging to the first vertical column, forms 
abscu'ption lines only with the levels of the second column and not the 
levels of the first or third column. 

The sharp absorption lines show that excitation of an atom by light 
oc(*urs only if the frequency of the light exactly" eqtmls the value character- 
istic for the atom. In the case of excitation by electron impact, however, the 
kinetic energy of the electron must equal or exceed the energy required by 
the atom. 

Ill most cases the first line of the absorption series gives the energy 
difference between the normal and the lowest excited state (see Fig. 16.2). 
From this line we can compute the energy which in the method of con- 
trolled electron impact is measured by a voltmeter reading (Sec. 17.1). 
The combination of these two independent measurements of the same 
energy* provides a new determination of Planck’s constant h. The excita- 
tion energy is expressed as hv on the basis of the spectroscopic measurement 
and as eT’ on the basis of the electrical expeiiment. In the equation hv 
= eV we measure v spectroscopically, e by the oil-drop experiment, and V 
by a voltmeter reading. The resulting value of h agrees well with those 
obtained by other methods. 

b. Continuous Absorption Spectra of Gases; Ionosphere. The absorption 
spectrum of sodium vapor shows continuous absorption beyond the conver- 
gence limit of the line series, in striking contrast to the good transparency 
between the sharp absorption lines. (Figure 17.7 shows darkness beyond 
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the .series limit in contrast to the light between the lines.) This continuous 
absorption indicates that the sodium atom may receive energy" from quanta 
carrying more energy than that required for the liberation of an electron. 
It is a plausible assumption that the excess energ}- goes into kinetic energy 
iji the electron liberated. The continuous character of the spectrum is due 
to the fact that the kinetic energy imparted to the electrons covers a co/i- 
finnous range. 

This continuous absorption spectrum gradually decays beyond the series 
limit, indicating that the ionization process by light takes place Avith highest 
probability for light just beyond this limit. For higher frequencies this 
probability gradually decreases. This is of importance in explaining the 
transparency of all matter observed at much higher frequencies, discussed 
under X ray absorption spectra (Sec. 19-2c). 

Our argument describes a process that is closely related to the photo- 
electric effect (Chap. 11), the only difference being that here the electron 
is liberated from a free atorn^ while in the conventional photoelectric effect 
it comes out of a metal surface. Our argument, which is based entii’ely on 
spectroscopic evidence, when interpreted by the quantum theory, leads to 
the prediction of an electrical effect. Sodium vapor illuminated by light 
of wave lengths shorter than the convergence limit of the principal series 
(2,412Aj should become conducting since it is being ionized. This observa- 
tion has actually been made (although with experimental difficulties with 
which we are not concerned) and represents another confirmation of the 
quantum theory; the theory predicts the photoelectric effect on free atoms 
and even the value of their ‘Svork function’' (see Sec. 11.3). Molecules 
as well as free atoms may be ionized by light of sufficiently high frequency. 
Most gases, however, have ionization energies much higher than sodium, 
which served as our example. Therefore, in most gases only extreme ultra- 
violet light, Avhich is not easily accessible in the laboratory, may cause 
ionization. 

Ionization by light of gaseous atoms and molecules is of vital importance 
for radio communication. In the early history of radio it seemed safe to 
predict that communication half aroimd the earth would not be possible. 
Unexpectedly, however, it turned out that radio waves follow the surface 
of the earth. This is explained by the existence of ionized layers of gases 
at great heights in the upper atmosphere, which reflect radio waves back to 
the earth. The alternating reflections between the ionosphere and the 
surface of the earth keep the radio waves more or less enclosed within a 
spherical shell and enable them to travel long distances over the surface 
of the earth. The height of the ionosphere is measured by observing the 
time interval between the transmission of a radio signal and the arrival 
of the echo from the ionosphere layer. Thus several separate ionized layers 
at heights of about one hundred and several hundred kilometers have been 
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Viif- \;ir;a!:o;ia ui :he height und density of the ionosphere between 
duy ri;; 4 :r: and daring eclipses indicate that light emitted from the sun 
is rile ecii>:e of ionization. This is just the process discovered from the 
con::imou> absorption spectrum beyond the series limit of sodium. But 
in tiie ionosphere, light of the extreme ultraviolet range is required because 
the ionization energies of the atmospheric gases are high, between 12 and 
16 ev. The ionosphere represents an unusual case in which a very complex 
process, going on in nature all the time but hitherto unknovn, unexpectedly 
extends the range of our technical devices. 

Similar continuous absorption spectra are observed when light in the visi- 
ble or near ultraviolet range is absorbed by molecules. But this absorption is 

not associated with ionization, for 
1 \ 1 i I i the latter requires hisher enersv. 


1 ] 1 I i I the latter requires higher energy. 

—►V For example, the absorption spec- 

Fic. 17.S. Absorption spectrum of iodine trum of molecular iodine, I 2 , sche- 
vup<ir idiiitoniic molecule.^’). A row of maticall}’' given in Fig. 17.8, shows 
Shari) edges c-(,nverging toward a limit ^ of continuous absorption 

eaeh edge consisting of an accumulation of lenoths bdow 4 QQ'iA The 

sliarp lines. Continuous absorption spec- Deo 4,yyoA. ine 

trum beyond the convergence limit, energy range of this spectrum (2.48 

ev and higher) is much too low for 
producing ionization. This spectrum is connected with a convergence limit 
of bands explained by changes in energj" of vibration of the molecule (see 
Sec. 16.2). The limiting case of increasing vibration is presumably the 
dissociation of the molecule into neutral atoms. The continuous spectrum 
beyond this limit results from the absorption of light quanta which impart 
some kinetic energy, in addition to the dissociation energy, to the prod- 
ucts. Only in this respect are molecular dissociation continua quite anal- 
ogous to ionization continua. Dissociation processes manifest by these 
continuous absorption spectra are important in originating photochemical 
reactions, because the free atoms or radicals produced by light are chem- 
icall\" active and cause secondary reactions (see Chap. 12 and Secs. 17.9 
and 17.10). 

c. Comparison of Gases, Liquids, and Solids. Absorption of light gives 
the best chance for a comparison of the spectra of gases, liquids, and solids. 
The absorption spectra of gases are distinguished by sharp lines. Liquids 
and solids show more or less diffuse absorption spectra (Fig. 17.9). This 
fact is explained by the structure of liquids and solids. They consist of 
atoms and molecules all in close touch with neighbors which affect all quan- 
tum transitions. Only in the gaseous state can the transitions take place 
without any disturbance and so reveal the sharply defined energy’' levels 
characteristic of single atoms or molecules. This distinction makes the 
spectra of gases most important for our knowledge of atomic structure. 

The absorption spectra of innumerable liquids and solids have been re- 
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Ssc. 17.5; 

Figure 17.9 shows the absorption spectra of cyanine (a dye used 
making photographic plates green and yellow sensitive, see Sec. 17.10; 
i^iid chlorophyll. Chlorophyll absorbs reddish-orange and blue light, the 
remaining green light being responsible for the green color of leaves. By 
i.b’^orption, chlorophyll acts as the receiver of sunlight and so stores up the 
greatest part of the energy that maintains all organic life and all human 
activity. We can only briefly describe the process, called ''photosjmthesis,’’ 
through which this storage of energ\- is accomplished. The growth of 
plants reciuires the assimilation of the carbon which is contained in the air 
as carbon dioxide. For this process energ}' is required to break up the 
stnicture of the carbon dioxide molecule. This energy is supplied by the 
clilorophyll in the excited level to which it is lifted by absorbing sunlight. 
The details of this complex photochemical reaction bj' which ultimately 
carbon is built into the structure of the plant is not yet fully understood. 

The vast importance of this process is evident when we consider that 
all food consists of plants or else of meat from animals which, in turn, live 
on plants. So ultimately all our food depends upon energy received from 
the sun by the clilorophyll. The same is true for the greatest part of all 
energy consumed by industrj^ because our deposits of coal and oil originate 
from decaying woods and so represent energy of sunlight stored through 
millions of years. At present we are consuming this vast store of energy 
at a rate far exceeding the rate of replacement. This lack of balance con- 
fronts the human race with the problem of finding other, less exhaustible 
sources of energy. We shall come back to this problem in the discussion 
of nuclear energy. 

17.6. Application to Astrophysics. The modem science of astrophysics 
is based entirely on spectroscopy and very largely on the quantum theoreti- 
cal interpretation of spectra. The starting point was the interpretation by 
Kirchhoff and Bunsen (1860) of the black lines discovered by Fraunhofer 
(1817 ) in the solar spectrum (Fig. 17.10) as absorption lines of elements well 
kno^^^l on the surface of the earth. Most of these lines are absorbed by the 
solar atmosphere, a few others by the atmosphere of the earth. These lines 
give e\’idence of the chemical constitution of the solar atmosphere. At 
present 61 of the knovn, stable chemical elements have been identified. 

The quantum theory enters when the effect of the temperature on a 
stellar atmosphere is considered. At low temperature molecules like CN 
or OH can exist. With increasing temperatures (1) molecules dissociate, 
(2) an increasing fraction of the atoms are excited or even ionized. For a 
given chemical constitution, quantum theory permits the theoretical pre- 
diction of this effect of the temperature. So a scale for the intensities of 
various spectra of neutral atoms and ions can be theoretically computed as 
a function of the temperature under the assumption of a uniform chemical 
composition. The observed spectra of stars have been compared with this 
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See. 17.e] 


theoretical scale. Here it proved important that the spectra of ions can 
be identified as discussed in Sec. 16.16. The unexpected result is that almost 
all ol'»served spectra of stars fit into the theoretical scale. This agreement 
leads to the surprisingly simple conclusion that the gi’eat majority of all 
stars contain the same elements in about the same relative abundance as 
the sun. The same observations lead to the measurement of stellar tem- 
peratures. 

17.6. Fluorescence. When sodium vapor is illuminated ^\dth j’^ellow 
light, sodium atoms are raised to an excited state. We may ask what hap- 



Llght from 
Source 
Minus Light 
Absorbed 


pens to the energy thus absorbed and find the answer in the demonstration 
experiment sketched in Fig, 17.11. Since the expeidment, when performed 
with sodium vapor, requires heating of the glass bulb, it is more conven- 
iently performed with iodine vapor which happens to have the proper vapor 
pressure at room temperature (see Appendix 2). Intense w’hite light is 
focused by a lens of large aperture on the glass bulb containing iodine vapor. 
The light passing through show^s, by its violet tinge, the loss of green light 
absorbed by the vapor. In the bulb, seen from any side, the greenish bundle 
of light defined by the lens is clearly visible. The experiment shows that 
the light absorbed is reradiated in any direction. This radiation is called 
“fluorescence.’^ 

■More detailed information is obtained by the investigation of the spec- 
trum. If sodium vapor is excited by the yellow sodium line (first line of 
the principal series), the fluorescence show^s only the same line. Because 
of the analogy with the harmonic ^’ibrato^, this is called the “resonance 
line.” If, instead, the source supplies exclusively light of the second line 
of the principal series, the fluorescence contains all emission lines originat- 
ing, directly or indirectly, from the level so excited (second level of second 
vertical column, Fig. 16.2), Le., the same line which served for excitation, 
in addition a few" selected infrared lines, and the yellow^ line. All other 
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^ jrimlLc’. ;* biuhei' excited levels are absent. Thus the observa- 
tion ::: MtninlL-to auTuenieiu svich ihe theoretical prediction. 

represenr.s a special case of Stokes* law (1853 j. It states 
that tluf>:*eM*eiice contains light of the same frequency as the exciting light 
or lower freiiuency. This empirical law is immediately understood on the 
basis of the energj’-ievel diagram and the principle of conservation of 
energy. 

Even some inconspicuous exceptions to Stokes’ law are understood. 
Some molecules have energ\" levels of \ibration so low that even at room 
temperature a certain fraction of the molecules contain some vibrational 
energy. If one of these ^'ibrating molecules absorbs a light quantum, it 
contains a little more energy than that given by the quantum and so has 
the alternative of emitting light either of the same frequency as the exciting 
light or of a little higher frequency. Such a spectral line of higher frequency 
is called an anti-Stokes'* line. It violates Stokes’ law only by the little 
energ}" content due to thennal motion, f.c., at room temperature, an amount 
of the order of } 30 ev (^see the anti-Stokes lines photographed in the Raman 
effect, Fig. 17.12). 

On the basis of Stokes’ law we understand that ultraviolet light may pro- 
duce fluorescence in the visihle range. This can well be demonstrated when 
the ultraviolet light from an intense carbon arc is isolated by a filter and 
incident, for example, on a glass bulb .containing kerosene. The invisible 
light produces a \1sible fluorescence. In recent years this conversion of 
ultraviolet into visible radiation turned out to be of importance for the 
construction of powerful lamps. It so happens that most gases or vapors 
(atomic and molecular hydrogen, mercury vapor, aU rare gases) have their 
most intense spectral lines, caused by the transitions between normal and 
lowest excited states, in the ultraviolet. Therefore, a gas discharge like 
the mercurj^ arc, although bright enough in the visible, wastes the greatest 
part of its energy- as ultraviolet radiation. There are two ways of prevent- 
ing this waste. One way is using a discharge through sodium vapor, which 
is exceptional in that it has its most intense line in the yellow. The sodium 
arc, however, has the disadvantage that its pure yellow light gives a dis- 
agreeable impression. The other way consists of converting the intense 
ultraviolet light, emitted, for example, by mercury vapor, into visible light. 
This is done by fluorescence of thin crj^stalline layers covering the inside 
glass surfaces of fluorescent lamps. This arrangement has the advantage 
that, by the proper choice of fluorescent material, various colors can be 
produced; in particular, the intensity distribution of sunlight can be ap- 
proximated. Fluorescence is predominant in planetaiy nebulae. These 
are extended masses of very low density that are intensely illuminated by a 
central star. The star, because of its very high temperature, emits ultra- 
violet radiation up to high frequencies with great intensity. This radiation 
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ext'ites hydrogen atoms to high energy levels from which they may cascade 
.'io’vn and. in certain steps, emit visible radiation. 

Some fluorescent materials show an afterglow lasting several seconds or 
even minutes. This is called “phosphorescence.” It occurs only in com- 
plex molecules in which the absorption of light produces a nearly stable, 
but not quite stable, rearrangement storing up energy. When, after a 
while, the molecule goes back to a lower level, light is emitted. 

In summarizing we may say that the absorption of light and fluorescence 
tit well into the picture of the atom given by Bohr. 

17.7. Raman Effect. We ovei-stated the case by saying that, for ex- 
ample, sodium vapor is transparent for any wave length between the 
lines of the absorption series (Sec. 17.5a, Fig. 17.7). There is another, 
much weaker effect, the Raman effect, which may take place for light of 
any frequency (above a certain limit) incident on any substance. In the 
Raman effect light of a sharply defined frequency is scattered by the sub- 
stance to be investigated. 

Conspicuous is the observ^ation that most of the scattered light has the 
same frequency as the incident light. YeUow light when scattered is still 
yellow. Raman (1928) discovered that there is another scattering process, 
much less intense, which causes a change of frequency characteristic for 
the scatteiing substance. The experimental arrangement is similar to the 
one that serves for the demonstration of fluorescence (Fig. 17.11). But 
here the source of light, e.g,, the mercury arc, emits sharp spectral lines 
which do not coincide with sharp absorption lines of the scattering material. 
The bulb is filled, say, with liquid carbon tetrachloride, CCU. (A vapor 
like sodium vapor has so low a density that no Raman effect would be 
noticeable.) The light scattered sidewise is analyzed by a spectrograph. 
Figure 17.12 shows that in the scattered light each intense spectral line 
is surrounded by a pattern of weak lines characteristic for the scattering 
substance. This is the Raman effect. 

The effect is readily explamed in terms of the quantum theory. The 
scattering molecule has its characteristic energy" levels among which, in 
the case of liquids, m particular lihrational levels are effective. The mole- 
cule may scatter the incident quantum as a whole and so give rise to the 
undisplaced line iu the scattered light, or else it may keep energy amount- 
ing to one or a few quanta of its own vibration and scatter the balance, which 
is a spectral line slightly shifted to lower frequency. Thus the frequency 
difference between incident and scattered spectral lines gives e^ddence of 
a characteristic vibration of the molecule. In a five-atomic molecule like 
ecu various modes of vibration with various frequencies are evident in 
the Raman spectrum. 

So far we have explained only the shift of lines toward lower frequencies. 
Figure 17,12 shows that other lines are shifted to higher frequencies and 
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.'M i.pjiui't?:;' A' vi kiiti- Kk- principle of conserva,tion of energy. They are 
e:c:jl:tir.<"u ;-y rhe jstiiiie avgun'.f-nr as the anti-Stokes lines observed in flu- 
i)tv«(.-en(.‘e. At room temperature, a certain fraction of all molecules are 
pnilowed vrirh vibrational energy. If such a \’ibrating molecule is hit by 
the incident quantum, it may tlu-ow its otvn energj- into the scattering 
process ainl so scatter a larger quantum, which is a line of higher frequency. 
Therefore, thi.s shift to higher frequencies is limited to the small range due 
to thermal energies. The intensity distribution eiddent in Fig. 17.12 agrees 

4358 A 
I 


(«) 





Fig. 17.12. Raman effect (photographic negative), (a) Spectrum of mercury arc; 
(h the same wlien scattere(] by OCU. Xote the symmetry in position but not in in- 
tensity. The arrow shows the frequency difference con*esponcling to the average energy 
of thermal collisions. 

well with this explanation. The isolated mercury line at 4,358A is sur- 
rounded by a pattern symmetrical in position (on the frequency scale) 
but not in intensity. On the high-frequency side, the distant lines are very 
w’eak; at increasing temperature, they ^vould gain intensity. 

This feature of the Raman effect giving evidence of the characteristic 
vibrations of molecules makes it an important tool for the investigation 
of molecular structure. 

17.8, Chemical Process Producing Light. We mentioned that we can- 
not easily decide w’hether the light emitted from a bunsen burner is due 
to the high temperature or to a chemical process. In other cases, there is 
no doubt that a chemical process is producing light. This is true for the 
green light emitted from the firefly, presumably due to an oxidation process. 
A similar process is responsible for the glow of yellow phosphorus exposed 
to air. This property of phosphorus explains its name which means ‘‘car- 
rier of light." Light produced by a chemical process, called “chemilumi- 
nescence,’^ is not of great importance. (The word “phosphorescence’’ may 
mean this property of phosphorus although, conventionally, it means the 
afterglow observed in some cases of fluorescence, see Sec. 17.6.) 
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17.9. Light Producing a Chemical Process. Differing from chemilumi- 
nes^•e^,t•e. the chemical processes produced by light, investigated in photo- 
chcmidnj. are most important. Such processes were discussed in Chap. 12 
in presenting an argument for the quantum theory of light. They are 
listed here in order to make our survey of metho<ls of obser\’ation complete. 
In all cases the primary’ photochemical reaction, i.e., the immediate effect 
of the light absorbed, is described by Einstein's fundamental law of photo- 
chemisliT, one of the foundations of the quantum theory of light. Fre- 
quently, however, the comple.vity of the secondaty reactions masks the 
simple primary reaction. 

17.10. Impacts of the Second Kind. A new type of process, which is not 
predicted by the theorj’ but fits well into it, is e\’ident in the demonstration 
experiment on fluorescence, e.g., of iodine vapor (Sec. 17.6, Fig. 17.11), 
when we admit a foreign gas of atmospheric pressure to the iodine vapor 
of low pressure (0.2 mm) contained in the bulb. The bright fluorescence 
observed without the foreign gas disappears completely. IMuch of the 
two processes responsible for fluorescence (absorption of light and reemis- 
sion) is prevented by the foreign gas? The absorption is not disturbed as 
is evident from the violet color of the light passing straight through; this 
may be confirmed by obsen'ing the absorption spectrum. Hence we must 
assume that in the presence of the gas the molecules excited by light dispose 
of their excitation energj' without radiating it. This leads to the assump- 
tion of a new process in which excited atoms or molecules, when colliding 
during their lifetimes, may give away their energy of excitation without 
radiating it. Such processes are called “impacts of the second kind,” con- 
trasting with “impacts of the first kind” in which excitation is produced. 

What happens to the energy given away? The various answers to this 
question have been explored in detail by Franck and his collaborators. 
The answer is ob\’ious in the simplest case. Mercury vapor when excited 
by light of its “ resonance line ” 2,537A shows fluorescence radiation. (Only 
because of its location in the ultra^^olet range it cannot be demonstrated 
so easily as fluorescence radiation of iodine vapor.) This radiation is 
quenched bj’ 1 atm of a rare gas, helium or argon. Because of the chemical 
inertia of the gas, no chemical reaction can occur, and the only assumption 
left is that, by the collision, the energy of excitation is changed into Idnctic 
energy of the partners. 

Kext Franck investigated whether e.\citation enei-gj-- may be transferred 
during the collision into excitation energy of the colliding atom. Again 
fluorescence radiation of mercur}’ vapor is excited by light of the wave 
length 2.537 A. Since the gas added must have a lower excitation energy 
than mereurj' in order to make a transfer of energj' possible, sodium vapor 
is chosen as the added gas. It reduces the intensity of the mercurj^ flu- 
orescence and adds a new effect: sodium lines appear in the fluorescence 
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r f‘:;pc*:*:n^ent it ir? cheeked that sodium vapor in the 
o: :i ciJ-y, iHiuninaTed by the same light, shows no fluorescence 
th'inv we must assume that mercury atoms, excited by light, 
wiieL ^•uh:u:l:a• during their liierime with sodium atoms, may transfer their 
energy of exf*iratioii lo rhe sodium atoms. 

This interpretation is corroborated by the spectroscopic analysis. The 
mercury atom excited by light of 2,537A contains an energy of 4.88 ev. 
The so<lium spectrum excited in the experiment described is not as com- 
plete as when excited in the electric discharge. Here only those spectral 
lines are observed which originate from energy levels of sodium requiring 
4.SS ev or less for their excitation. This completely agrees with the theo- 
retical predi(*Ti(jn. Thus the experiment proves that excitation energy 
may i^e transferred in collisions from one to another atom. 

The next problem Franck solved was whether excitation energy may be 
transfen-ed into chnnical energy. For this investigation a chemical process 
had to be chosen which requires less than the 4.88 ev available in the excited 
mercury atom. The dissociation of hydrogen molecules requiring 4.45 ev 
meets this requirement. Hence hydrogen is added to the mercury vapor 
and tlie mbeture exposed to light of the wave length, 2,537A. As expected, 
atomic hydrogen is so generated. (Its production is tested by the reduc- 
tion of copper oxide. ) A control experiment shows that in the absence 
of the mercury vapor the same light fails to produce any reaction. This 
combination of experiments proves that light quanta of sufficient energj" 
content, although not directly accepted by the hydrogen molecules, may 
be accepted by mercurt" atoms and their energy transferred in collisions 
to hydrogen molecules. This is called a sensitized photochemical reac- 
tion"' meaning that the hydrogen, although originally insensitive to the 
light, can be made sensitive by the addition of mercury vapor. 

Tliis reaction has technical interest in that it helps explain a process that 
had been known for many years, the sensitization of photographic plates. 
Ox'dinary photogmphic plates (see Sec. 17.9) are sensitive only to blue light 
or light of higher frequency. That is w'hy they are conveniently developed 
in red light. AVe conclude that red light does not dissociate silver bromide, 
AgBr. However, the plates can be sensitized for red light by bathing them 
in a dye like cyanine which absorbs red (see its absorption spectrum in 
Fig. 17.9). It is plausible to explain this sensitization by the same process 
discovered by Franck in the mixture of mercurj’’ vapor and hydrogen. 
Here it is assumed that the dye molecules when absorbing red light are 
brought to an excited level w’hich may transfer its energy and so dissociate 
a neighboring silver bromide molecule. 

To begin with one may guess that red light has no effect on the nonsensi- 
tized photographic plate because the quanta are too small to dissociate the 
AgBr molecules. The experiment described show’s that this guess is wrong 
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the same quanta when accepted by the dye are able to blacken 
ill*,- plate. Here we are forced to assume that the absorption of light by 
molecules, c.g,, AgBr, is limited by properties of the molecule other than 
tiie energy required for a certain process. This is explained in the theory 
uf moiecular spectra. On the other hand, there is no prospect of extending 
the sensitization far into the infrared because we are sure that the quanta 
01 far infrared radiation are too small to produce dissociation of AgBr. No 
absorbing dye can circumvent the principle of conservation of energy. 

This example illustrates the general rule : The wave-length range effective 
in producing a photochemical reaction must meet two requirements: (1) it 
must have quanta large enough to initiate the reaction and (2) it must be 
absorbed by the molecules to be affected. 

Summarizing impacts of the second kind, we may say that an atom or 
molecule when colliding during the lifetime of an excited state may change 
its energy into kinetic energy, energx’^ of excitation, or chemical energy. 

17.11. Lifetime of Excited State. On several occasions while discussing 
absorption spectra and impacts of the second kind, we introduced the life- 
time of an excited state of an atom. This places us under an obligation to 
describe the elaborate measurement of the lifetime performed by Wien in a 
canal-ray experiment. In the discussion of electric discharges \ve described 
the canal ray ^or positive ray) as consisting of positive ions accelerated 
toward the cathode by the concentrated potential difference in front of the 
cathode and shooting through a canal drilled through the metal. 

According to this explanation it is surprising that the canal ray contains neutral as 
well as positively charged atoms, as is evident when we try to deflect the ray by an 
electric field; only a part is deflected while another part shoots in a straight line indicating 
neutral particles. In order to explain this and similar experiments, we are forced to 
assume that the particles, originally positively charged, readily exchange their charges 
in collisions, becoming neutral and going back again to their charged status, possibly 
even becoming negatively charged. This change of charge, while of no importance 
for our present experiment, justifies the fact that we observe the lines of the Balmer 
series, although belonging to neutral hydrogen atoms, as a part of the spectrum of the 
canal ray. 

Wien built his canal-ray tube (Fig. 17.13) such that the discharge proper 
operating at a pressure of a few thousandths of a millimeter communicated 
with the canal-ray chamber behind the cathode only through the narrow 
canal drilled through the cathode. This enabled him to pump out the 
canal-ray chamber to high vacuum, independent of the low-pressure gas 
which is indispensable in the discharge chamber. In this condition the 
canal ray fades away behind the cathode and becomes completely in- 
visible within a few centimeters distance. The important observation is 
that the whole ray does not completely disappear although, because of the 
high vacuum in the canal-ray chamber, the atoms constituting the ray do 
not suffer collisions. The experiment is unique in that light is emitted 
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from in \vhit*h no exciting agent is active. Therefore, we must 

^l^su3ne ii:at the atom^ carry their excitation energy from the discharge 
f*hami»or into t lie caiiai-ray chamber and there only gradually give it away. 
Thus tlie decay of light intensity along the ray demonstrates the lifetime 
of the excited state. The highe.st intensity indicates the largest number of 
c^xcited atoms a.s present near the cathode; the decaying intensity, a dimin- 
ishing number farther away. 

A quantitative deierminatioii of the average lifetime is based on the 
combination of two measurements: (1) the linear velocity of the ray and 



(High Vacuum) , — , • , 

Spectrograph 
I I (Decay of Intensity) 


Fio. 17.13. Measui’ement of the lifetimes of excited states by observation of the 
decay uf the light emitted from a canal ray. Note the different functions of the two 
spe<‘trographs. The light emitted from the discharge proper is about the same as in 
Fig. 17.4. 

(2) the decay of the intensity along the ray. For the determination of the 
linear \'elocity, the Doppler effect is recorded by a spectrograph photo- 
graphing the light emitted from the ray ‘'end on.’^ Since the atoms are 
shooting toward the spectrograph, all spectral lines are shifted toward 
higher frequencies. This shift, 6.(7., for the red hydrogen line, {y = 0.457 
X 10^° sec'^: is measured as = 0.15 X 10^® sec’*^ The well-known for- 
mula for the Doppler effect leads to a velocitj^ of the atoms == 10® cm/sec. 
In other words, the excited atoms at a distance of 1 cm from the cathode 
are 10”'’ sec older than the atoms at the cathode itself, the atoms at a 
distance of 2 cm are 2 X 10”® sec older, etc. Thus the linear extension of 
the ray is used as a time scale. 

In the second experiment, a spectrograph, viewing the canal ray Memse^ 
records the intensity of the ray as a function of the distance from the 
cathode. The result is a decay of intensity following an exponential func- 
tion I = (.1* = distance from cathode, h = intensity near cathode, 

I = intensity at distance x; X - empirical factor). The “decay constant” 
X is measured, for example, as 1 cm”^ This means that the intensity 
decays along each centimeter to the fraction 1/e of its initial value. Since 
in the first measurement we found the time required to cover 1 cm as 
10”® sec, we may say, instead, that the intensity decays during 10”® sec to 
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the fniction 1 e of its initial t'alue. This is a result of the same type as 
obtained in the observation of radioactive decay. It may seem confusing 
to call it a lifetime because we do not obser\’e birth and death of an indi- 
vidual excited atom but make only a statistical obseiwation of the decay 
of many atoms. In any case, 10~® sec is the order of magnitude of the 
lifetimes of many atoms in their excited states. For various reasons, this 
ingenious method furnishes only results of low accuracy. 

The very short lifetimes of excited levels here measured explain the fact 
that no appreciable population of excited atoms or molecules accumulates 
in electric discharges or fluorescent gases (see Sec. 17.6). At any moment 
the great majority of all atoms and molecules reside in their normal states 
except for the very low energj’ levels that ma}'^ be reached by thermal 
collisions. 


SUMMARY OF CHAPTER 17 

1. In the excitation or ionization bj-^ controlled electron impact the limit- 
ing kinetic energj' of the impinging electron, which is just able to produce 
excitation or ionization of a certain atom, is measured (method of Franck 
and Hertz). 

2. Electric discharges through gases are classified into non-self-main- 
tained and seK-maintained discharges. In the non-self-maintained dis- 
charge, the conductivity of the gas is caused by an external agent like 
X raj's or radioactive raj'S or a hot metal emitting electrons. The self- 
maintained discharge (arc, spark, low-pressui’e discharge) starts bj' a few 
straj' electrons, which are present everywhere. Further carriers of elec- 
tricitj' are generated in the gas by electron impact and at the cathode by 
liberation of electrons due to positive-ion impact. 

The cathode raj' consists of the electrons liberated from the cathode of 
the low-pressure discharge by the process just mentioned accelerated by 
the high potential difference located in front of the cathode. The positive 
ray fcairal ray) consists of positive ions accelerated by the same potential 
difference shooting through a canal drilled through the cathode. 

3. At sufficientlj' high temperatm-e, excitation and ionization are pro- 
duced bj' thermal collisions. 

4. An absorption spectrum of a monatomic gas contains only those 
spectral lines which are connected with the normal state of the atom. A 
continuous range of absorption starting from the convergence limit of the 
absorption series, extending toward higher frequencies, indicates ionization 
of gaseous atoms, f.e., photoelectric effect in the gas. By this process 
extreme ultrariolet light from the sun ionizes the upper atmosphere of 
the earth. 

Gases show sharp-line absorption spectra (apart from the continuous 
ranges just mentioned), liquids and solids more or less diffuse absorption 
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Table 17.1. Eliwertlanj Procensrs by Whkh Aioms or Molecules Receive or 
Give A ivay Energy of Excilaiion 


A. by enerj^y if; received 


Excitati»ni energy 
i> received fn >m 

Experiment 

Result of experiment 

1. Eiectmii impact 
'“impact f»f fir>t 
kind ” . 

' »7. Electrit* tiin'liargo 
: h. Coat rniieti electron impact 

Complete spectrum is excited 

1 Energj^ levels excited only up 
to limit, gi\"en by Wi of im- 
pinging electrons 

2. Thermal impact 
lanother example 
ui' “hnpaci of first 
kiln;" ' 

1 Ihjs })urncr, oven 

I 

' 

At temperatures available at 
laboratory, preference for low 
excited energy levels, but 
no sharp limit 

3. Light 

1 

( 1 . Absorption spectrum ob- 
' ser\’ed 

, Exceptional obseiwation: Ab- 
>orptiun spectrum observed 
at highest temperature (solar 
atmospliere.) 

h. Fluorescence spectrum ob- 
( served, mainly at low pres- 
sure 

1 c. Chemical change due to light 
’ is obseiTed 

j d. Scattered light may change 

1 frequency (Raman effect) 

All possible transitions con- 
nected with normal level; 
i.e.^ principal series 

Some excited levels contribute 
absorption spectrum; ab- 
sorption of Balmer series in 
solar atmosphere 

At low pressure the light energy 
absorbed is re-emitted (dem- 
onstration with iodine va- 
por) 

Example: Decomposition of 
AgBr in photographic plate 
Scattering molecule may keep 
part of incident quantum 

4. Chemical energj" 

Glow of yellow phosphorus; 

: firefly 


5. Transfer from an ; ^Mixture Hg + Na illuminated 
excited atom by mercury arc, which fails 

(^‘impact of sec- to excite Na directly but does 

ond kind”) excite Hg 

1 

Fluorescence radiation contains 
Na spectrum; the excitation 
is limited by the energy 4.88 
ev indicating energy transfer 
from excited Hg to Na in 
collisions 

B. Processes by which energy is given away 

Excitation energy 
given away into 

Experiment 

Result of experiment 

1. Light 

j 

Any electric-discharge or fluo- 
rescence or high-temperature 
experiment 

Each excited atom has an in- 
trinsic probability of radia- 
tion after very short lifetime 
of excited state 
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Talk 17.1 (Continued) 


energy 
given awny into 

j Experiment 

Result of experiment 

2. to other 

a. Fluorescence quenched bj' 

Excitation energy transferred 

titonis colliding 

addition of foreign gas (dem- 

into kinetic energy (heat 

linriiig lifetime of 

onstration of iodine with 

produced) 

o::citc-d state 

1 atm air) 

h, Mixture Hg + 2Ca; (A 5 of 
tliis table) 

c. ]\Iixture Hg H- Ha, illumi- 
nated with mercury arc, ex- 
citing the Hg 

Hg transfers its excitation 
energy into excitation energy 
of Xa 

H atoms produced: Hg trans- 
fers its excitation energy into 
chemical energy (dissociation 
of Ha) 


spectra. Of outstanding importance is the absorption spectrum of chloro- 
phyll. The absorption of red sunlight enables the chlorophyll to break up 
the CO 2 molecules contained in the air and assimilate the carbon atoms. 
Animal life and industrial activity are maintained almost exclusively by 
energ}’ ultimately received from the sun by this process. 

5. Astrophj’sics is based largely on the investigation of emission and 
absorption spectra and their interpretation by the quantum theory. 

6. In fluorescence, atoms or molecules that have just been excited by 
absorption of light reradiate light (mostly of the same or lower frequency) 
in any direction. 

7. Light of a sharply defined frequency, when scattered from molecules 
of a solid, liquid, or gas, shoe's shifted spectral lines in addition to the inci- 
dent spectral line (Raman effect). This is explained by the ability of the 
molecule to keep a small part of the energy of each incident quantum (shift 
to low frequencies) or add some of its own vibrational or rotational energy 
to the quantum (shift to high frequencies). The Raman effect is an im- 
portant tool in the investigation of molecular vibrations. 

8. Some chemical processes produce light (oxidation of phosphorus). 

9. The production of chemical processes by light is the basis of photo- 
chemistry. 

10. An e.xcited atom or molecule when colliding during its lifetime may 
give away its energy of excitation as kinetic energj% energj’ of excitation 
of the other particle, or chemical energy (impacts of the second kind). An 
e.xample for the last process is given by the sensitization of a photographic 
plate for yellow or red light. 

11. The lifetime of the excited state of atoms has been measured in a 
canal-ray experiment as about 10~* sec. 
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PROBLEMS 

17.1. 'i'lie principal cferies of potassium converges at 2,870A. 
C- the energy n: iuuizatiu!; of potassium atoms in ev. 

17.2. (jTtuiittiiih inc.yj. Before the extreme ultraviolet was explored by the 

vaeTiuiii >pe/:rngi‘ai)i., T'raivk aitd Hertz measured the excitation potentials of neon and 
arg« Hi and 11.5 vok^, re>uectiveiy. Compute the wave lengths of the correspond- 

ing speetriil Lilies. Vear.'i later tliese linesj were actually observed. 

1 7.8. lit luUuti hf tin i u khijth and enanjij. The wave length of a spectral line (in A) 
times the eiieigy ditiereiu'e between tiie levels (in ev) is a constant. Compute its 
numeri(*al value. 

17.4. volhnion?^: iicitation hy positive-ion unpact (difficult problem). A 
eollisioi* iit v.liich a part of tiie kinetic energj’ is changed to another type of energy is 
called “ iiiela&tii*. " This aiiplies to excitation of atoms by impact. The lowest excitation 

energy of neutral helium atoms (mass il/), determined 
])y controlled electron impact (Sec. 17.1), isTl’= 19.75 
ev. Helium ions He+, however, of this kinetic energy 
''velucit 3 ' «:), when impinging on neutral helium atoms 
that are at rest before the impact, fail to cause excita- 
tion because a considerable fraction of their kinetic 
energj" is necessarily distributed as kinetic energy be- 
tween the two particles (the common center of gravity 
continues its path). How large a kinetic energy' is re- 
quired to enuljle a He"^ i(jn to excite the neutral He atom? Consider only the most 
favorable case of a head-on collision (Fig, 17.14, all motion along a straight line). 

Hint: ur State the laws of conservation of energj’' and momentum. They lead to 
the same equations as in Prob. 14.1, except that in the final state there is the additional 
energy \\\ The equatioiw are simplified by equal masses of bullet and target. (6) Solve 
for the final velocities ri and r 2 as unknowns, (c) The quadratic equations so obtained 
have real s<dutions onl\" for values of the initial kinetic energy above a certain limit. 
This is the limit of kinetic energ}’ the impinging ion must exceed. 

17.5. Light passing through an absorbing body (calculus problem). This problem is 
important f«jr its method. The same method will be applied to radioactive decay 
(Prub. 21.3b It has been observed that light of incident intensity Jo when passing 
through a thin absorbing laj^er (thickness AH suffers a loss of intensity A7, which is 
approximately proportional to the tliickness Af and the incident intensity 7o. The 
factor of pi-oportioiialitj' a, called “absorption coefficient,” is characteristic of the 
material. (It may depeml strongly on the 'wave length of light.) This appro.ximation 
is more accurate the smaller the thickness H of the absorbing layer. Compute the 
intensity Ii transmitted hy a thick absorbing plate (thickness k) on which light of 
intensity is incident. 

Hint: fa' W rite the statement for the thin laj^er as an equation keeping in mind that 
an increase of the thickness I causes a decrease of the intensity I. (6) Rearrange the 
equation so that the variable I appears onh^ on the left and the variable I only on the 
right side, (ci The thick plate is supposed to be subdivided into many thin laj^’ers of 
equal thickness A/, and the equation just wi-itten is applied to each laj-’er. In order to 
express the effect of the thick plate, \STite the sum of these individual equations. The 
limits of the two sums so obtained are determined by the consideration that, while the 
tliickness traversed increases from 0 to Zi, the intensity / decreases from /o to /i. (d) Go 
t«j the limit of vanishing A/, /.c., replace the two sums by integrals, and perform the 
integrations, (c) Re\NTite your result, wliich contains a logarithm, in terms of an 
exptJiieiitial function; express h in terms of /u, a, and h. 


He-i- He 

0—0 

Fir.. 17.14. Head-<jn colli- 
sion Ml ion and neutral 
He atom. 



CHAPTER 18 

PERIODIC TABLE OF ELEMENTS 


The periotlic system of elements, discovefed in 1869, gives a systematic 
Surrey of the chemical properties of all elements. In our discussion '\ve do 
not want to present material properly belonging in a textbook of chemistry 
since we suppose that the student is familiar with the foundations of that 
science. Our purpose is to consider the extent to which the theory of the 
nuclear atom helps us to correlate the chemical properties of the elements 
with the results of spectroscopy and experiments on controlled electron 
impact. After a brief sun*ey of certain groups of related elements, we shall 
trj' to inteipret their chemical behanor jointly with their spectroscopic 
properties. 

18.1. Survey of Some Facts of Cheinistiy. Certain groups of elements 
of widely differing atomic wei^ts are chemically closely related. For 
example, the alkalies (Li, Na, Iv, Rb, Cs) are all metals of low density with 
the power to decompose water. All are univalent electropositive; i.e., in 
electrolysis they form singly charged positive ions like Li+. This property 
is confirmed in the positive-raj’’ (canal-ray) expeiiment w'here, by electric 
and magnetic deflection, we find ions like Li+ in great abundance but no 
doubly charged ions Li++. We conclude that the alkali atom readily loses 
1 but not 2 electrons. The rare gases (He, Ne, A, Kr, Xe, Rn) form another 
group of related elements. All are gases except at very low temperatures. 
They are chemically inert, hence have molecules identical with singlp atoms. 
The alkaline earths (Be, ]Mg, Ca, Sr, Ba, Ra) are bivalent electropositive 
in electrolysis. Correspondingly, in the positive ray they easily show up 
singly or doubly charged, but not triply charged. The halogens (F, G, 
Br, I) are all univalent electronegative: i.e., in electrolysis they form singly 
charged negative ions. In the canal ray (which in this case w'e cannot call 
“positive ray”) they readily form the same ions. 

In order to define the atomic number, we write all elements in the order 
of their atomic w’eights beginning with hydrogen (atomic w’eight, 1.008), 
continuing with helium (atomic w'eight, 4.00), lithium (atomic weight, 6.94), 
etc. The atomic number is defined as the number of the element counted 
in this order, 1 for hj’’drogen, 2 for helium, 3 for lithium, and so on through 
the w'hole list of elements. 

!Mendeleeff and Lothar ileyer (1869 ) discovered the fact that in the row 
of elements so written their chemical properties are a periodic function of 
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thoir atomic number?. In other word?, the same sequence of neighboring 
el(‘men:s o<‘curs over and over again. The simplest example is given bv 
the K^cuence: a halogen, a rare gas. an alkali, and an alkaline earth, like 
F, Xe, Xa, and :Mg. 

It i's true tiii.t, to ti liiinnr extoJit. tlii.'- regiUiirity i? eiiioroetl by rearranging the order 
of the eiemeiits at a low piar'O-. For exarnpie. argoji oitoniit? weight, 39.94) is placed 
l»of<»re pntasMimi -atoinir weight, 30.10. Later, discustiing X-ray spectra, we shall 
Mild another iiowerfni argariieiit lor rearraugmeiit. Furthermore, we shall find a 
certain excuse for it in the vlisciission uf Isotopes where it v\'ill be evident that the chemi- 
cal at<imic weight L not a pjoperty characteristic for the individual atom but for a 
mixture of atom.". 


This periotlic* occurrence of the same sequence of elements is well repre- 
sented in a table \\ hen we break oh the row of elements after each rare gas 
and begin a new horizontal line, called a new '^period,'’ with the following 
alkali ^see Tabic IS.l and Appendix 4). In this way of writing, all alkalies 
are the Mn-^t elements uf theii- periods, the alkaline earths the second ele- 
ments. t he i*are gases t he last elements, the halogens the last but one. T\Tiat 
we have described is a systematic arrangement of the elements according 
TO their atomic weights and chemical properties and is much older than the 
theory of the nuclear atom. 


Table 18,1. Periodic Table of Elements 


H He 



i Li Be B C N 0 F Ne 

3456789 10 

I I !! I I I I 

3 Na Mg A1 Si P S Cl A 



55 56 57* 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 

^ i I I I ! 1 1 I I I 

Fr Ra Ac Th Pa U Np Pu Am Cm 

87 88 89 90 91 92 93 94 95 96 

• The uterisk indicetw the pontien of the rare earths here omitted (see Appendix 4) . 



PERIODIC TABLE OF ELEMENTS 


171 


18.2. Nuclear Atom. We msh to coiTelate tliis abbre^ted description 
o! chemical properties with our theoiy of the atoms consisting of positively 
ciiariivd nuclei surrounded by electrons. Of basic importance is the rule 
-taring that the atomic number equals the nuclear charge. This rule is 
-.vi; ertablished: for heavy elements, by the investigation of the scattering 
of alpha particles; for light elements, by Bohr’s theoij* as applied to He, 
jj,.- ^ Lj-+. etc. Tlie number of e.vtemal electrons is the same as the nuclear 
charge for neutral atoms, less than that for positive ions, and more than 
that for negative ions. We are interested in the arrangonent of these 
electrons in the normal states of atoms 

because these are the states that play the 24 5 
greatest part in chemical reactions. ‘ 

18.3. Stability of Rare-gas Electronic jg_3 , 

Structures. The rare gases are chemically 

inert, in strong contrast to their neighbors, 
the alkalies, which are chemically so 

active that they can even break up vrater _ . 

molecules. The same contrast is quanti- -=«== 5 4 

tatively expressed by compaiing the en- = .. * 

ergj’-level diagrams, for example, of the |yjQ|.|Yi 9 | ______ 

first rare gas, helium, and its neighbor, the _ 

^ 11 T. Txi.. -IT’ • X X j FiU- 18.1. Energies of excitation 

first alkali, lithium. TSe are mtei-ested v,.,,:.™ nxi.. 


Energies of excitation 


uilvau, Iitiiium. axe; xxxterxc;«tcta ionization of heUum and Uth- 

only in the energies of excitntion Sind ioni- atoms (in electron volts), 
zation, derived from analysis of the spectra 

and confirmed by controlled electron impact. They are shown in Fig. 18.1. 
(We indicate all other energj" levels summarily by light lines.) Helium has 
an excitation energy 11 times as high as lithium and an ionization energy 
4.6 times as high. These diagrams may be considered as measuring the 
high stability of the helium atoms since it is plausible to measure the 
stability of a stmeture by the energy required to change it. The chemical 
inactivity of helium is another aspect of this high stability. This is the 
extreme case of a general rule stating that the rare-gas atoms are much more 
stable than the alkalies, their successors in the periodic table. 

What applies to the neutral helium atom applies as well to the lithium 
positive ion which carries the same number of external electrons since it 
consists of the nucleus with the positive charge 3 surrounded by 2 electrons. 
The spectrum of this ion again indicates a special stability. So we may 
say in general that the electronic structures of the rare gases, which consist 
of 2 or 10 or 18 or 36 or 54 or 86 external electrons, are particularly stable. 
The same applies to any ion which, by loss or gain of electrons, has been 
changed so that it has the same number of external electrons as a rare gas. 
In any case the addition to the rare-gas structure of one more external 
electron (as in Li or Be+ or etc.) produces an electronic structure of 
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much less srahiiity. Ftjr zho time being we accept the stability of the elec- 
tronic ^tnlcnu‘e^ containing the numbers just listed as an obseiTed fact 
v/itiiout e.vplaining the 2 nysteri<jus significance of these numbers (see Sec. 
18.9!. 

We may uniierstaiui rho vrord “.stability” somewhat differently. In 
nature there is a general tendency toward the most stable configuration. 
For example, a rock located high up on a slope has the tendency to roll 
down into the valley, /.c., to its mo.st stable position. Another example is 
gWm by an electron that is raised to a high and, therefore, unstable orbit; 
it has the tendency to fall down toward the nucleus into the stable state. 
ColTe^pundingiy, the great stability of the rare-gas electronic stmcture, 
just expressed m terms of energies, suggests that there is in nature a general 
tetuknci/ loiL'iird thv mre^gas electronic structure. Let us tentatively assume 
this general tendency as our basis for the following discussion of the periodic 
table. 

18.4, Neighbors of Rare Gases and Their Ions. On this basis we easily 
interpret some facts sur\'eyed in Sees. 18.1 and 18.3. The alkalies have 
low energies c»f ionization: in other words, they readily form singly charged 
positi\’e ions because these ions have the electronic structures of rare gases. 
For example, Na+ has the structure of Ne. Correspondingly, the doubly 
chargefl ion of an alkaline earth has a rare-gas structure, e.g., Ca++ the 
structure of A. On the other hand, the halogens readily attach 1 electron 
to their structure in order to reach the rare-gas status, like Cl“ which has 
the same structure as A. This explains the electronegative behavior of 
the halogens. 

18.6. Polar Molecules and Crystals. The concept of the tendency 
toward a rare-gas electronic structure explains the structure of a large class 
of molecules, the “polar molecules.” For example, in NaCl vapor the 
diatomic molecule is presumably formed by a sodium and a chlorine atom 
bound together because the sodiiun has lost its excess electron and the 
chlorine has swallowed this electron to make up its deficiency. Thus a 
positive ion is formed with the stmcture like neon and a negative ion with 
a structure like argon. The Coulomb attraction keeps the two ions to- 
gether as a molecule. 

The same picture applies to numerous molecules. For example, neutral 
CaC’b is supposed to consist of a doubly charged positive ion Ca++ bound 
by the Coulomb force to two singly charged negative ions Cl“. When we 
consistently attribute to the oxygen atom, the precursor of fluorine, the 
tendency to swallow 2 electrons and so acquire the rare-gas electronic 
structure of 10, we understand the stmetures of CaO, Na 20 , and similar 
molecules. The hydrogen atom, having 1 external electron, is supposed 
to have chemical properties similar to the alkalies although the hydrogen 
positive ion has no electron at all. Assuming this similarity, we consistently 
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the stmctures of HCl, H 2 O, NaOH, and many other mole- 

The general idea is that atoms belonging to the left wing of the periodic 
tifjjle frjrm polar molecules with atoms belonging to the right wing; in any 
CMse, positive and negative ions are formed, all with rare-gas electronic 
structures, and kept together as molecules by the Coulomb attraction. 
This picture does not explain the structures of all molecules. Those formed 
of atoms of the same element, like Ha, O 2 , Na, CI 2 , and many others, because 
of their sjunnietry, cannot be described by the same idea. They are called 
“ nonpolar molecules. Their formation is due to other etfects not so 
simply understood and not to be discussed here (see Chap. 26). It should 
be added that these other effects contribute to the formation of the polar 
molecules, too, so that our picture gives only one important aspect of the 
molecular forces without claiming to be complete. 

'WTiat applies to molecules applies as well to crystals. For example, the 
rock-salt crystal, XaCl, which forms a simple cubic structure, is thought 
of as consisting of Na*^ and Cl~ ions, alternating in their positions at the 
corners of cubes, the whole structure being held together by the Coulomb 
attraction (see Fig. 19.6). Again, this explains only one type of crystal, 
the polar crystal, in which atoms of the right and left wings of the periodic 
table unite. There are other crystals, e,g,, iodine, I 2 , which, because of their 
s\Tnmetry, cannot be polar and are held together by the same forces as 
nonpolar molecules, not to be discussed here (see the brief discussion in 
the chapter on wave mechanics. Chap. 26). 

18.6. Ions in Solution. In our discussion of electrolysis (Sec. 8.1) we 
gave an outline of the Arrhenius theory of electrolytic solutions (1887). 
Arrhenius assumed that crystals like NaCl when dissolved in water are 
dissociated into ions Na+ and Cl’’. This assumption, giving the sodium 
particles an independent existence and motion in the water, must appear 
bold to everj’-bodj’' who is familiar with the violent reaction of sodium and 
water. Arrhenius was forced to make the additional assumption that the 
sodiiun ions have chemical properties different from those of sodium 
metal. This assumption is justified by our theory of the periodic table. 
By attributing to the ion Na*^ a rare-gas electronic structure, we under- 
stand that Xa+ is chemically as inert as a rare gas. This applies to all ions 
in solution. WTien the sodium ion arrives at the negative electrode, it is 
neutralized and goes into a reaction with H 2 O. 

18.7. Metallic Conduction. Finally, our theory contributes to the under- 
standing of metallic conduction. The left wing of the periodic table con- 
tains those elements which have one or more excess electrons and which, 
at the same time, are metallic conductors. The consistent picture is that 
these electrons are the ones that are given off and, therefore, are free to 
move and able to cany the electric current. On the other hand, the pre« 
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cursors of the rare gtises, iodine c:ystuls, are insulators because the 
halogen atom.- have no exce.-^^ electrons. 

18.8. Electronic Structure of Heavy Atoms. The only hypothesis we 
need for our elementary interpretaTion of the periodic table is the general 
tendeiny toward a ra re-gas elect ronic structure. A more detailed picture 
r!Uggo.sred liv tlie liigh ioniziiTion energ\' belonging to the rare gases and 
the mu(*h lowe?’ values belonging to the alkali atoms, each containing 1 
additional electron. Suppose a lithium nucleus endowed with the positive 

charge 3 is supplied, to begin 
with, with only 2 electrons. The 
great stability of this structure 
suggests that the electrons are 
close to the nucleus. When the 
third electron is added and so a 
neutral lithium atom formed, this 
lust electron goes into a position 
from which it is comparatively 
easily torn off. This fact suggests 
that it is not located in a position 
so close to the nucleus as the two 
other electrons. The same general 
statement applies to the fourth 
electron in the neutral Be atom. 
This comparison of stabilities indi- 
cates that there are only two places 
provided for electrons very close to 
the nucleus. If the nucleus has a 
larger nuclear charge than 2, it can assemble additional electrons only in 
more distant orbits. In other words, the two innermost electrons form a 
“closed shell’' unable to accept more electrons. We do not discuss the 
cause for this limitation, we only infer tliis property of the shell from the 
comparison of the rare gas and the alkali. The same argument applies to 
any rare gas and the alkali that follows it in the periodic table. 

Suppose we gradually build up the electronic structure of uranium 
(atomic number, 92) starting from the nucleus, allowing 1 electron after 
the other to join (Fig. lS.2j. Then the fii*st two electrons form a “shell” 
which, for unknown reasons, is closed, z.e., excludes any additional electron. 
The third electron takes a place farther away and so starts the structure 
of the second “shell” of electrons, which in turn is closed when it contains 
8 electrons (total number of electrons = 2 + 8 ) as is indicated ])y the rare- 
gas nature of neon, element number 10. The eleventh electron, because 
of its low energy of separation, is assumed to reside farther away, starting 
the structure of the third shell of electrons, etc. Finally, as far as this argu- 



Fig. 1S.2. Electronic .structure of the ura- 
nium atom. The designation of the shells” 
as A’, A, jy, X, 0, and P will be introduced 
in the section on X-ray spectra (Sec. 19.26 l 
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raoht a heavy element like uranium, in its neutral state, is supposed 
\(j iiavo most oi its 92 electrons in closed groups, easily computed from the 
rai'c-gas structures as containing 2, 8, 8, 18, 18, and 32 electrons, respec- 
Tivciy. ^In Sec. 18.9 it will be reported that, in the more detailed treat- 
ment, these numbers are somewhat modified.) In the discussion of X-ray 
spectra (Sec. 19.26) the conventional designation of these shells by the 
letters K, L, M, N, 0, and P will be introduced. The remaining 6 electrons 
of the uranium atom form the surface shell which is far from completed. 

At the present stage of the argument it remains unexplained why just 
the numbers mentioned are endowed with this mysterious power and, 
furthermore, whj’' there is no stable element heavier than element 92, ura- 
nium. For many years it was guessed that the nuclei heavier than uranium 
spontaneously disintegrate like radium. This was suggested by the fact 
that all radioactive elements are located near the end of the periodic table. 
This guess was finally proved to be conrect b}’' the fact that elements beyond 
uranium ha\''e recently been manufactured and actually proved unstable, 
till being radioacti\'e. This will be discussed in the chapter on Ai’tificial 
Transmutation (Chap. 22). 

(Jne may well object that so detailed a picture of the electronic structure 
of atoms is not warranted by such scanty evidence as the contrast between 
the rare gases and the alkalies. However, this picture will help greatly 
in the understanding of X-ray spectra presented in the next chapter. Thus 
these spectra will provide a powerful confiimation of the idea of electron 
shells as constituting the atoms. 

18.9- Report on Further Developments. Since in our discussion of 
atomic spectra (Sec, 16.1c) we did not s^^stematically introduce the elabo- 
rate system of quantum numbers required for the description of more com- 
plex spectra, we shall only briefly report on the relation between the periodic 
properties of atoms and their spectra. The more detailed discussion is all 
based on the picture of the shells of electrons. For example, the spectra 
of the alkalies, the simplest atomic spectra except that of atomic hydrogen, 
are satisfactorily explained as due to transitions of one easily excited elec- 
tron. In the lithium atom (atomic number, 3) this electron revolves not 
simply about the nucleus but about a core consisting of the nucleus of 
positive charge 3 closely surrounded by the 2 innermost electrons represent- 
ing the “K shell’'; hence this core as a whole has the resulting positive 
charge 1. Correspondingly, the alkaline ei i*ths, which are expected to have 
2 electrons outside of a rare-gas structure, show spectra explained in detail 
as due to two electron systems. Thus the investigation of atomic spectra 
confirms our theory of the shell structure of atoms. 

The theory of the periodic table has been developed with the help of 
spectroscopy far beyond the range just discussed. Progress has been made 
on the basis of the theoretical interpretation of complex atomic spectra. 
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In ihii? theory, brierly reported in Sec. 16. lo, the assumption is made that 
each electron, like a planet revolving about the sun, has an angular mo- 
menuim duo lo its orUila} motion and an additional angular momentum due 
to its ahoni its own a:cit<. These momenta as well as the mutual orienta- 
tions 01 all nujmonta are tlescribed by quantum rules. Similar quantum 
rules (iescribe the orientation ot the resulting angular momentum in a 
magnetic field. The urieutations are described in teims of the quantum 
nimibers originally introduced for the interpretation of atomic spectra. 
In particular, the quantum niunher a, introduced hy Bohr, largely deter- 
mines ili(‘ eia*rg>’ of the electrons in the various shells, n = I characterizing 
the lowest .shell, which, in the analysis of X-ray spectra (Sec. 19.26), will be 
given the name K .<hc‘ll, n = 2 characterizing the second shell, the L shell, 
etc. Thi.s may impress the student as all too arbitrary although it 

is justiried by the fact that it explains a vast material of spectroscopic 
obser^’a lions. 

The cuiitidence in this sytem of quantum numbers is greatly strengthened 
by the fact that the same system, although introduced for the interpreta- 
tion of spectra, is surprisingly successful in predicting the mysterious 
numbers constituting the rare gas electronic strictures (Sec. 18.8). This 
requires the additional simple assumption, kno^^'n as the 'Tauli exclusion 
pnnciple,*' that within 1 atom no electron can have all its quantum numbers 
identical with those of any other electron (1926). On this basis Pauli was 
able TO demonstrate that only 2 electrons can be accommodated in the 
lowest shell and only 8 in the second shell, in agreement with the numbers 
of elements contained in the first and second periods. Some apparent dis- 
crepancies in the higher shells are well explained by spectroscopic and 
chemical properties of atoms and by no means detract from the validity 
of the principle. 

The student may be disappointed that here one mystery, the preferred 
atomic numbers of the rare gases, is replaced by another, the quantum 
numbers and the Pauli principle. The student may feel that the “under- 
standing” ultimately should imply an explanation based on the familiar 
laws of classical physics. However, there seems to be no chance of invoking 
classical physics m the explanation of atomic structure. All we can hope 
for is to reduce the atomic theory to as few and as simple laws as possible, 
capable of predicting as large a group of observed phenomena as possible. 
Keeping this point of view in mind, we recognize the great progress due to 
the discovery that the same principles introduced for the description of 
spectra also account for the chemical properties of the elements. 

SUMMARY OF CHAPTER 18 

WTien all elements are written in the order of their atomic weights, cer- 
tain sequences of elements appear periodically, in particular the sequence 
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Table 18.2. Periodic Table of Elements 


Observed Fact 

A. A 

uf a particles bj' gold foil 
»S<'attei'ing of a particles compared 
for different substances. 

Spectra of H, He“, Li*"^, etc. 


B. Bare gases 

Chemical inacti\dty; liighest excita- 
tion and ionization energies 


C. Heavy atoms as built up of electrons. 
Alkali: univalent: electropositive; in 

electric discharges only never 
Xa — or Na“; simplest spectra of 
neutral atoms, except H; follow 
rare gases in periodic system 
Alkaline earth: bivalent; electroposi- 
tive; in electric discharges and 
Mg'*"**; follow alkali in periodic 
system 

Halogen: univalent, electronegative; 
in electric discharges Cl“; precede 
rare gas in periodic system 
Oxygen group: bivalent, electronega- 
tive; precede halogens in periodic 
system 

D. Certain molecules and crystals. 

Vapor molecules: NaCl; H 2 O; NaOH 
Crystals: XaCl; H 2 O; MgO 


E. Electrolysis. 
Faraday’s laws 


F. Metallic state. 

The elements following rare gases in 
the periodic system are metals (high 
electric conductivity) 


Theory 

Rutherford’s nu(*lear atom 
Atomic number = nuclear charge (posi- 
tive) 

= number of external 
electrons of neutral 
atom 


Stability of rare-gas electronic structure. 
The hypothesis is assumed that in any 
case the structure of 2 , 10 , 18 , 36 , 54 , or 
86 Older electrons is particularly stable 

.\lkali atom has rare-gas electronic struc- 
ture + 1 outer electron 


Alkaline earth has rare-gas structure + 2 
outer electrons 


Halogen atom has rare-gas electronic 
structure — 1 outer electron 

Atom of oxygen group has rare-gas elec- 
tronic structime — 2 outer electrons 


Polar molecules and polar crystals consist 
of positive and negative ions (each 
\rith rare-gas electronic structure) 
kept together by Coulomb attraction 

Theory of electrolytic dissociation; XaCl, 
for example, dissociates into Na"** and 
Cl"". Both ions are chemically inactive, 
dilferent from the neutral atoms 


In the liquid and solid state the elements 
following the rare gases give off elec- 
trons. These represent the free elec- 
trons responsible for the electric con- 
ductivity of the metals 
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an alkaline earth. 

Their properties are inierpreted by the theory’ of the nuclear atom and 
the additional hypothesis that there is a general tendency toward the rare- 
gas electronic stnicture. This assumption explains the valence of the 
neighbors of the rare gases, their behavior in electroly’sis and gas dis- 
charges, and the fomnition of polar molecules and cry’stals. This interpre- 
tation leads to a detailed picture of heavy atoms as consisting of several 
“sliells" uf electrons with each rate gas indicating the completion of such a 
shell, litis picture will be confirmed by X-ray spectra. 


I 



CHAPTER 19 

X RAYS 


Our discussion now turns to phenomena which, at the surface of the 
earth, are not evident in nature but are observed only as products of a 
highly developed laboratory technique. In the first section we shall study 
the properties of X rays, largely by comparing them %nth light. Here we 
find shai'p-line spectra, related to the “optical spectra” discussed in 
the preceding chapters. In the second section we shall try to derive evi- 
dence from these line spectra regarding the electronic structure of atoms 
and so supplement our theoretical picture, which so far has been based 
Largely on optical spectra and chemistry. 



Fig. 19.1. X-ray tubes, (a) Electric discharge through a gas of about 1/1,000 mm pres- 
sure; (b) highly evacuated tube, electron current supplied by glowing filament; “Cool- 
idge tube.” 


19.1. Properties of X Rays. a. Discovery. Roentgen (1896) began the 
first publication of his new discovery by describing the observation as 
follows: 

IMien the discharge of a large iuductioa coil passes through an evacuated 
discharge tube covered by black cardboard, one sees in the darkened room the 
fluorescence of a paper screen which is painted with platinum barium cyanide, 
irrespective of which side of the screen is turned toward the discharge tube. The 
fluorescence is visible over distances up to two meters. 

Roentgen made sure that a new kind of radiation of a penetrating power 
heretofore unknown emanates from glass or metal when hit by cathode rays. 
This radiation, which he called X rays, was being studied all over the world 
less than a month after his first publication and is now familiar to all in 
the form of the X-ray photograph of a hand in w'hich the bones are sharply 
visible because they are less transparent than the soft tissue. 

h. X-ray Tubes. There are two types of X-ray tube: gas-filled and high- 
vacuum tubes. Gas-filled tubes (Fig. 19.1a) are similar in construction to 
Roentgen’s original apparatus except that a block of heavy metal like 
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tungsten is provided, which, serving as a target for the cathode ray, emits 
the X rays. These tubes are rarely used any more. At present, high- 
vacaium lubes, lirst designed by W. D. Coolidge, are almost exclusively 
used. In these the elecinjris are .supplied by a glowing cathode and accel- 
erated toward the target by high voltage. This construction has the great 
advantage that the potemial differeiiee accelerating the electrons can be 
varied entirely indeiX‘iident!y of the current hitting the target which is a 
function of the tomi^erature of the cathode. Figure 19.16 shows an X-ray 
tube of this type. At present X-ray tubes are operated with potential 
dilierpnce.> up to a million volts or even more. 

c. EjTrdis ProfJiwaJ hy X Rays, Roentgen verj" thoroughly explored the 
p!*operties of the newly discovered radiation. We may briefly list the 
prop€*rties as follows; 

X rays produce light on a fluorescent screen. 

The>' aii’ect a photographic plate in the same way as visible light does. 

On metal surfaces they produce the photoelectric effect. 

They render air and any other gas thi’ough which they pass conducting 
by ionizing the molecules. (This effect can easily be demonstrated by aim- 
ing a l)un(lle of X rays, limited by lead diaphragms, across the space be- 
tween the plates of a charged condenser in air and observing the discharge.) 

The absorption of X rays depends on the atomic weight of the absorber, 
elements of high atomic weight shomng much stronger absorption than 
those of low atomic weight. 

X rays are diffusely scattered by all substances. 

X rays are not deflected by electric or magnetic fields. 

The most easily evident biological effect is the production of erythema, 
i.c,j reddening of the skin, which leads to permanent destruction of the 
tissue when a larger dose is applied. Another biological effect of X rays 
is the increase in the rate of mutation, which represents a variation of the 
offspring making them different from the parents. 

Roentgen also investigated whether X rays showed any of the properties 
of light other than rectilinear propagation. His results were all negative. 
He found no reflection from mirrors, no refraction by glass or any other 
substance, no diffraction by gi*atings, and no polarization. Later we shall 
see that a refined technique has revealed all these effects, most of them 
only in minute traces. 

d. Intensity, Dose, and Hardness, The outstanding characteristics of 
X rays are their intensity and hardness (or penetrating power). In order 
to measure the penetrating power, first we must measure their intensity. 
Although the conventional method fails to give results as complete as the 
physicist wants them, we shall describe it in detail since it is important 
for medical purposes as the measurement of the X-ray dose. 

Arbitrarily we measure the intensity of X rays by their effect of ionizing 
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Plate Condenser 



Fio. 19.2. Measarement of the dose 
and intensity of X raj's by the ionisa- 
tion chamber. 


■lir. Thiri effect is measured by the discharge of a plate condenser when 
an X-ray beam is passing through the air between the plates. The plates 
rhemselves are protected from the X raj's in order to exclude photoelectric 
effect ou the metal surfaces. The simplest triring diagram of an ionization 
chamber is given in Fig. 19.2. Before the exposure to X rays the insulated 
plate of the condenser is charged; then the rate of the discharge of the 
electroscope gives a measure of the intensity of the rays. As the practical 
imit of X-ray quantity or “X-ray dose,” 1 roentgen is defined as follows: 
The roentgen is a quantity of X radia- 
tion such that the associated corpus- 
cular emission of 1 cc air under 
standard conditions produces ions car- 
rj’ing 1 electrostatic unit of electric 
charge of either sign. The correspond- 
ing unit of X-ray intensity is 1 roent- 
gen sec. From the point of view of 
physical measurements, this definition 
is inadequate. It has been foimd that 
X rays, depending upon the construc- 
tion and operation of the tube, have 
penetrating powers varying over a 
jride range. (Later we shall see that 
the penetrating power, called the “hardness," depends upon the wave 
length and, therefore, is analogous to the color of visible light.) Very 
penetrating rays, called “hard” X rays, deliver much less energy to the 
air of the ionization chamber than soft X rays, i.e., rays of low penetrating 
power. Hence, when observing the rate of the discharge, we fail to dif- 
ferentiate between hard rays of high intensity, delivering only a amall 
fraction of their energy, and, on the other hand, soft rays of low intensity 
delivering most of their energy. The physicist would prefer to base the 
measurement of the intensity, like that of the intensity of visible light, on 
the total energj' carried per square centimeter per second. But this caimot 
easily be done since we caimot easily construct a “black body ’’ for X rays, 
I.C., a body that is sure to absorb them completely. For medical purposes, 
however, the situation is different. It is assumed that the biological effect 
of X rays is due to the ionization caused in the tissue. Later, in the dis- 
cussion of absorption spectra (Sec. 19.2c), we shall find that for any hard- 
ness of X rays, air show’s approximately the same ionization as the sub- 
stances of the animal body. Hence for this special purpose the ionization 
of the air is an adequate indicator of the quantity or “dose” of X rays. 
The doctor applying X rays, of coui'se, must know the penetrating power 
of his rays in order to judge whether they will be effective only near the 
surface of the body or at greater depth as well. 
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The insnimient clcftcrihed Fi^. although based on the arbitrary 
<*hoio(‘ of air as the absorbing gas. serves for the measurement of the 
penetrating power of X rays. For this purpose layers of various thick- 
nesse.s are placed between the source and the instrument. In some cases 
the absorption so produced can he represented by the well-known formula 
describing the absorption of light in colored glass: 

I = 

where /. = iiitddent intensity 

I - transmit tetl intensity 
d = thickness of absorbing layer 

fjL == absorption coefficient characteristic of the material and the 
type of X ray 

In many other cases it is found that the transmitted intensity I plotted 
against the thickness d of the absorbing layer shows a more complicated 
curve, which can bo analyzed as the superposition of two (or possibly 
more; exponential curves, hence mathematically represented by a formula 
like / = -f This obseiwation indicates the superposition of 

two types of X radiation. Later we shall find, with better techniques for 
analyzing X rays, that these two or more types consist of X rays of dif- 
ferent wave lengths. 

\Mien the absorbing power of various elements for X rays is described, 
the situation is much simpler than for visible light. The absorption of 
X rays by a certain element depends only on the presence of this element 
irrespective of its chemical combination or its physical state, be it gaseous, 
liquid, or solid. Therefore, we easily describe the absorption of X rays 
caused by any element by stating its mass-absorption coefficient jLu == M. P 
' where fx is the absorption coefficient as defined above and p the density. 
This definition saves the trouble of giving separate figures for the gas, 
liquid, solid, and various compounds. The mass-absorption coefficient, how- 
ever, depends strongly upon the quality of the X rays, as we shall see in Sec. 
19.2c. The usefulness of this new definition will be evident in Prob. 19.3. 

e. Polarization, Through many years the nature of X rays remained 
unknown. Considering their high penetrating power it seemed impossible 
to explain them as rays of corpuscides. On the other hand, at the outset, 
no indications of a ware nature could be found. In the next three sections, 
following the historical development, we shall describe the gradual dis- 
covery of the various wave properties, most important of which is the 
discovery of X-ray diffraction. 

Within the ten years following Roentgen’s discovery no new effect of 
fundamental importance was found until, in 1906, Barkla discovered the 
polarization of X rays. His argument is based on the classical theory of 
the polarization given to transverse waves by scattering. The basic idea, 
which here is applied to an atom scattering light, is that an antenna emits 
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See. 

cneiyy v.irh the maximum intensity in its equatorial plane and zero in- 
along its axis (Fig. 19.3). Light from an X-ray tube, traveling in 
the !iuriz.jntal plane, is incident on scattering material. Let us tentatively 
draw conclusions from the assumptioh that X raj’s consist of transverse 
waves, capable of being polarized like visible light. Presumably the pri- 
mary ray. i.c., the ray coming from the X-ray tube, is nonpolarized. The 
transverse electric force present in this ray starts the vibrations of charged 
p:irticles in any direction perpendicular to the ray. Thus these particles 
scatter radiation. A ray scattered in a direction perpendicular to the 
primary ray (see the scattered ray 
indicated in the horizontal plane of 
the figure) is expected to be pola- 
rized because only the V’ertical, not 
the horizontal, electric vibration 
radiates in the direction consid- 
ered. This polarization is dis- 
covered by a second scatteiing 
process. In the atom on the right 
side the incident ray, since it is 
polarized, starts only a vertical vi- 
bration. This radiates with full 
intensity evei^Tvhere within the 
horizontal plane and with zero in- 
tensity in the vertical direction. Here, finally, we predict an observable 
effect : The theory, based on transverse waves, predicts for the second scat- 
tering process a preferred intensity in a certain direction and zero intensity 
in a direction normal to it. The obseiw'ation first made by Barkla confirms 
this prediction and so proves the polarization of X rays, leading us to infer 
that X rays have the same character as light because light diows the gamg 
characteristic polarization. 

/. Diffraction; X-ray Spectrometer. In the endeavor to ascertain the na- 
ture of X rays the diffraction through very narrow' slits was explored 
(Walter and Pohl, 1909). Only small traces of an effect presumably due 
to diffraction were found which, if interpreted by the wave nature of 
X rays, led to a w'ave length as short, as 4 X 10~® cm, i.e., about 1, 10,000 
of the wave length of visible light. Although no reliable conclusion could 
be drawn from these e-xperiments, they were of importance in that they 
started von Laue on the way to his discovery of diffraction of X rays by 
a crj'stal. Yon Laue’s argument was as follows. The simple theory of 
diffraction by an ordinary, optical grating, manufactured on the ruling 
machine, indicates that the distance between adjacent grooves should be 
somewhat larger than the wave length of the light to be analyzed. If the 
distance is smaller, no interference maxima are obtained. On the other 
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Fig. 19.3. Polarization of X rays demon- 
strated by double scattering. All rays 
travel in the horizontal plane except those 
marked '‘zero intensity.” 
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hand, if it is much larger, these nraxima are placed so close together that 
the dispersion is snraiL ?lence for the analysis of X rays we wish to rule 
a grating wirli the grooves as close together as, say, 10”'® cm. Unfortunately 
this is lechnically impossible (see Sec. 19.1/0. However, the mutual dis- 
tances of the in a crystal are just of this order. Hence one mav 
expect that the scattering of X rays by all the atoms, regularly spaced in 
a crystal should lead to interference maxima in certain preferred direc- 
tions, <*omparable to tlie interference maxima, f.c., the spectral lines pro- 
duced by a ruled grating. 

The experiment of Friedrich, Knipping, and von Laue is sketched in 



Fig. 19,4. Diffraction of X rays by a crystal; experimental arrangement. 

Fig, 19.4. A pencil of X rays, narrowed down by two small circular 
diaphragms, is incident on a zinc blende crystal. As anticipated, the photo- 
graphic plate, placed at some distance behind the crystal, shows a striking 
and complicated diffraction pattern (Fig. 19.6). This important discovery 
proves the wave nature of X rays and opens up two avenues of research. 
With a given crystal of knowm structure, X rays from various sources can 
be analyzed, thereby leading to X-ray spectroscopy, a field nowadays as well 
developed as optical spectroscopy and equally important for our knowledge 
of atomic structure. On the other hand, with X rays of a known wave 
length various ciystals may be investigated resulting in a detailed knowl- 
edge of crystal structure. We are not concerned with crystal structure and 
shall discuss only X-ray spectroscopy. 

In order to derive the wave lengths from the diffraction pattern observed 
we shall give the argument of W. L. Bragg. Suppose that X rays are 
incident on a cleavage face of a crystal, e.p., the face of a simple cubic 
crs'stal like syhdte (KCl) shown in Fig. 19.6. We shall prove that, for a 
given wnve length, the ray incident at some preferred angle is diffracted 
at the same angle ^ i.e., apparently reflected. We consider the scattering of 
a narrow^ pencil of X rays (tvave length X) incident on a cleavage face of 
KCl at an angle 6 vdth the face (not the normal to the face as usually de- 
fined in optics) as shown in Fig. 19.7. This narrow pencil enters the crystal 
and is scattered by all its atoms. Furthermore, rather arbitrarily, we 
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conr^ider die scattered ray leaving the face at the same angle 6, (This wiU 
be jusiiiied later. j Constructive interference takes place, hence an appre- 



Fig. 19.5. X rays diffracted by an iron crystal. (Courtesy of Dr, G, L, Clark.) 

ciable intensity shows up when rays scattered from all atoms show differ- 
ences in the distances traveled of X, 2X, 3X, .... We conapute the path 
difference of two rays belonging to the same parallel bundle, incident and 
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Fig. 19.6. IModel of rock- 
salt crystal; simple cubic 
crystal. 
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Fig. 19.7. Bragg’s equation for con 
structive interference of X rays; d = 
grating constant, 6 * angle between 
X ray and crystal plane. 


diffracted under the same angle 6, aimed at two adjacent atoms: atom A 
in the surface layer and atom B in the next lower layer. From atom A we 
construct the two normals, AN and Ailf, on the other ray. Then the 
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(iiiftwnrr- f-.n;:;!-: XB t BM. liy a simple geometrical consideration 
v.-e Mnu Xlt -r //Ji = 2i/ >i»i 6. Hence, for this pair of rays the condition 
I'or iiit i-rference 

2'/ sin 6 = n\ ( 19 . Ij 

where /■ is any integer. This eoitation. called “Bragg’s" equation, is as 
imporiitiit for (litYrafiiun »>f X by a crystal as the familiar similar 
eqiuiTion for diitractiuii of iiglil by a grating. 

The u: Bnig’/s c*(iuatiuii ju&t given should be supplemented 

\>y the fuilovdnji urgiuiioiit. Anybody inmiliar with the ruled gi’ating used for optical 
s]>ectr£i may Why do v.e pr^Bupi^os* tliat the angle of diffraction equals the angle of 
incitience? \\'l:y dc-n't wo ctHL^ider other combinatitins of angles for wdiich again the 
]>ath diffVre.'iCe woihd i*o X, or 2\ or 3X, etc,? We must add another condition for con- 
rTr::»‘tivc i:iterlo: en(‘e. The argument based on Fig. 19.7 is too special in that it considers 
tiio &e:ttrorot: I >y any two atony's, A and B, located on a line normal to the surface. 
Li addition, for eijnstructive interference, vre must postulate that, at the same angles of 
iiicideiit't* and diff'racri(jii, all utlu c atoms of the crystal add their contributions. This 
CM*c*u]> only a the angle (»f diffraction equals the angle of incidence, f.e., for the reflected 
ray, 

.y though geometrically the diffracted raj" follows the law of reflection, 
the process taking place here is ^^idely different. Reflection^ e.g., on a metal 
siu’face, takes place at the surface proper and requires a well-polished 
surface. <’)n the other hand. X-ray diffraction is a process taking place 
within the body of the crystal although usually in a layer close to a surface. 

In order to compute the distance d between adjacent atoms in a cubic 
crystal (Fig. 19.6 d wo equate the density p of the crystal which is easily 
measured to the total mass of all atoms contained in 1 cm® which is easily 
computed. The chemical atomic weights of the 2 atoms, for example K 
and Cl are called and hence the average atomic weight of K and Cl = 
(nil -r nh 2 > 2 = m 2, where m = molecular weight of KCl. Then we argue, 
considering Eq. (2.3) : 

X'umbcr of atoms per cm along edge — 1 'd 
Xumber of atoms per cm® = (1 dy 

Mass per cm® = 711 2N<P == p 

Hence, 



Here we presuppose that KCl has a simple cubic structure. As a matter of fact, there 
exist tw'u <jther types of cubic structure, which, however, are ruled out because, for cr5'stal 
planes ut different orientations in space, they have different values of the grating con- 
stant fl. W e shall not discuss this distinction in detail. 

Bragg's equation for the crystal grating, although superficially resembling 
the equation for the ruled grating, is fundamentally different and leads to 
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ti diiLOi‘C‘i:i opomtiun oi the spectrometer. This will be evident from a 
of the two types of grating. Suppose that light of one wave 
leugfii A is incident on a rulcfl grating {d = distance between grooves), 
Con^u•ucn^’e interference takes place if 

n\ = d(sin o: — sin ](3j 

where n is an integer, ot and /3 are the angles of incidence and diffraction, 
respe<-tively. (.Here we do not suppose the special case of normal in- 
cidence, a = 0, which leads to the sim- 
pler e( Illation given in elementaiy 
rextliuuks. ) When we arbitrarily select 
the angle of incidence a, for any values 
of X and ti we can compute the angle j3, 

>'.t„ the position of the spectral line. 

Hence for a stationary grating and slit 
we can observe all spectral lines. This 
is important for the ruled grating as 
used for the investigation of optical 
spectra. 

The situation is different for the 
crydal grating (crystal constant == d). 

Again we suppose that light of one 
wave length X is incident. The con- 
dition for constructive interference, 
i.e., Bragg’s equation, contains only the 
one angle B, the same for incidence and 
diffraction. Hence for given values of 
n, X, and d the angle 6 is determined. 

This means that the spectral line ap- 
pears on the photogi-aphic plate only for the special position of the ciystal 
described by this angle. If the specti-um consists of several spectral lines, 
ne must turn the crystal in, order to obtain the spectral lines success! velj’’ 
on the photographic plate. The order n is easilj' determined since the first 
order belongs to the spectrum recorded at the smallest angle d. 

This discussion leads to the construction of Bragg's tuming crj'stal 
spectrometer (Fig. 19.8). The X rays emanating from the target T ar-e 
narrowed doN\Ti to a thin beam by two slits. This beam is incident on 
the turrring crystal, and the diffracted beam leaving the crystal under the 
same angle is registered on the photogr-aphic plate. Instead of the plate, 
an ionization chamber (Fig. 19.2) or Geiger counter (see Sec. 21.1) may 
sen e for recording the ray. The X rays are admitted to one or the other 
recording device by a slit so narrow that only a thin beam of them can 
pass thi-ough. MTien the crystal is turned, the recording device must be 



Fig. 19.8. Bragg tmning-crj-stal spec- 
troraeter. The ionization chamber U 
turned through twice the angle through 
which the crystal is turned. 
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turned by twice the Ltngie 5 inee ihe diffracted ray leaves the crystal in a 
direction as if it were reflec*U‘d. 

A diffei-enr technieiue,. dispenses with the turning of the crystal, 
was iiiTi'oduced indepeiidently by Hull and by Debj-e and Scherrer (1916). 
In the Bragg spectrometer (Fig. 19.8) the incident beam of X rays is 
limited by two slits, hence occupies a part of the plane defined by the two 
parallel slits. This plane intersects with the reflecting plane of the crystal 
in a line about which the crystal is turned by the operation of the spectrom- 
eter, If the reflected beam is monochi-omatic, it forms on the photo- 



Ptg. 19,9. X-ray spectrum taken with X rays of one wave length incident on aluminum 
powder f photographic positive). The black circle masks the spot of the direct X-ray 
beam. (Courtesy of B, E. Warrrni.) 

graphic plate two spectral lines symimetrically placed on both sides of the 
direct beam, which may be called the zero-order” spectrum, (Here we 
suppose that the turning crystal of Fig. 19.8 is used for reflecting the 
X rays both to the right and to the left.) Now let us suppose that the 
incident beam is limited not by slits but by two very narrow holes, hence 
represents a narrow pencil. Thus each spectral line shrinks to a very small 
spot which still has the same distance from the zero order, itself represent- 
ing only a small spot. But now the definition of the axis about which the 
crystal is turned loses significance so that we may as well turn it about 
any axis passing through the point where the pencil of rays hits the cry’'stal. 
\Mien we turn the crystal about very many different such axes in succes- 
sion, all spectral spots so produced, each pair belonging to a certain di- 
rection of the axis, merge and so form a continuous circle about the direct 
beam. The various circles observed are due (1) to different wave lengths 
present in the spectrum, (2) to different orders of interference, and (3) to 
reflections on different crystal planes. Instead of wiggling one crystal, a 
crystal powder is used in which crystals of practically all possible orienta- 
tions are present (Fig. 19.9). 
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Tlie L-rystal-powder analysis can be carried out with those numerous 
ervslitls '^vhich are available only in small pieces or in powder form. Hence 
tills method is largely used for ciystal analysis. However, the problem 
we are most interested in, i.e., the analysis of various X-ray spectra, is 
best soh'ed by the turning-crystal method in which one of the standard 
crvstals, rock salt or, more commonly, calcite, is used. 

g. Other Optical Properties. Before discussing the important results ob- 
tained with the turning-crystal X-ray spectrometer, Ave shall finish the 
discussion of the optical properties of X raj'S. In addition to polarization 
and ilitfraction, traces of refraction and reflection have been found. In 
high-precision determinations of X-ray wave lengths it was discovered that 
the different orders (n « 1, 2, 3) did not >rield exactly the same results. 
This Avas explained by the assumption that within the crystal the Avave 
length differs slightly from the value it has outside the crystal because 
the index of refraction differs slightly from unity. This explanation led 
to a measurement of the index of refraction by a technique much more 
highly developed than that of Roentgen who, in 1896, failed to find any 
refraction of X rays. Glass, crj^-stals, and metals ha\’'e indices of refrac- 
tion slightly smaller than 1. For example, the index of refraction of croAAii 
glass for X raj’S (X = 0.708A) has been determined to be w = 0.99999836. 
The A^ery small deAuation from unity explains why the effect escaped the 
detection by the less highly developed technique of Roentgen. 

The fact that the index of refraction is smaller than unity leads to the 
prediction that total reflection should take place AAhen X rays are incident 
in air on a glass surface. It is remembered that total reflection directly 
folloAA’s from the laAv of refraction 


sin a _ 
sin 


where ol = the angle of incidence, say, in air 

jS = the angle of refraction, say, in Avater 

n = the index of refraction characteristic for the transition from air 
to AA^ater. 

lIMien a A^aries betAveen 0 and 90 deg, the angle jS observed in the AA^ater 
A^aries only betAveen 0 and a limiting angle j8' given by sin jS' = l/n. For 
any angle of incidence a only a part of the light intensity enters the water, 
the balance is reflected. IXTien light strikes the same surface coming from 
under water, some of the intensity can get out into the air only if ]8 is 
betAveen the same limits. For larger values of j3, z.c., for angles of in- 
cidence under AA^ater approaching grazing incidence, no light at all can 
get out and the total intensity goes into the reflected light. This is total 
reflection. For X rays, the unusual situation prevails that the transition 
from air to glass has an index of refraction smaller than unity, although 
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only \\‘vy Ty Tlnis C'onipion preilicted that total reflot-tion 

‘.ii' X ray' ' 0 . witlii:: a >m:tl2 angle of a lew minutes near grazing 

.‘ij'e. Ai-n;aIIy ho luiiiid thai within this narrow range the surfaces 
of aiifi nieUiX iviioct X rays. 

/. rinifnitioii uj I In Ehrtronic Charge. This discovery led a step 
farther. ^ hi a meuil surface a grating is ruled of the same type as the well- 

knr>wn Rowland grating. At grazing incidence X-ray spectra are measured by 

exactly the same te(*hnique as had been applied through decades to optical 
.=:pecn*a. It is true tliat the resolving power of these gratings is not so high 
as that of crystals because the grating constant is much larger than the 
wave length of the X rays. Nevertheless X-ray wave lengths have been 
measured with ruled gratings with a precision of a few parts in 100,000. 

Biicklin (1928) used this new application of the ruled grating for an 
indepen<lent determination of the electronic charge. The aim of his ex- 
periment will be clear when we I'ecapitulate the argument based on the 
measurement of the electronic charge by the oil-drop experiment. 

1. Aleasure the electronic charge e. 

2. Measure the Faraday constant F. Compute Avogadro’s number N 
from F = .Ye [Eq. (S.S)], 

3. Aroasure the density p of a cr\’'staL Compute the distance d between 
atoms from = m <2.Ypi [Eq. (19.2)]. 

4. Aleasure the angle d of X-ray diffraction with the Bragg spectrometer. 
Compute the wave length X from n\ = 2d sin d [Eq, (19.1)]. 

On the other hand, the new method starts from the measurement of the 
wave length X with the ruled grating, the constant of which is given by 
the adjustment of the ruling engine. Then the measurements and equa- 
tions listed above are applied in the reverse order and so d, AT, and, finally, 
the electronic charge € are computed. The result deviated from the result 
of the oil-drop experiment by 0.6 per cent. It turned out that the latter 
value needed a minor correction since the value applied for the viscosity 
of air v’as slightly in error. This led to a full agreement of the results 
obtained by the two entirely different methods. 

/. Continuous and Line Spectra. Yon Laue^s discovery of X-ray dif- 
fraction and Bragg s construction of the turning-ciystal spectrometer 
opened up the ^xide field of X-ray spectroscopy. A tj’pical X-ray spectrum 
is given in Fig. 19.10. It consists of a continuous spectrum on which 
sharp lines are superimposed. The continuous spectrum shows a strikingly 
sharp limit on the short wave-length side depending only on the voltage 
.'jupplied to the X-ray tube, not on the material of the target. We shall 
study the sharp-line spectrum which is characteristic of the material of 
the target in the section on properties of atoms as revealed by X rays 
(Sec. 19.2;. In the present section we shall investigate the continuous 
spectrum, which is independent of the material of the target."^ 
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Tlir V- nirinuou? spectra emitted from a tungsten target at various po- 
ren:iai (jnerences are plotted in Fig. 19.1 la. The curves show that with 
ihcrcasiii;^ energy of the electrons the sharp limit is shifted to shorter 


v;ave lengths, i.e., higher frequen- 
cies. iTlie superimposed sharp- 
line spectrum of tungsten does not 
show up since, under the conditions 
of this experiment, it is located at 
longer wave lengths, not shown by 
the figure.) From the data given 
in the figure, one finds the relation 
stating that the limiting frequency 
r. of the spectrum is proportional 
to the potential difference T’ accel- 
erating the electrons (Fig. 19.116). 
The factor of proportionality turns 
out to have the value e ‘h (e = 
charge on the electron; h = 
Planck’s constant). Hence the 
experiments lead to the simple law 

hvi^eV (19.3) 

called the law of Duane and Hunt 
(.1915). Taking this law for 
granted Duane used it for one of 
the most precise determinations of 



Wavelength in Angstroms 
(a) 

Fig. 19.11a. Continuous X-ray spectra 
of tungsten at various voltages. (Cour- 
tesy of C. T. Ulrey.) 



— *-X(10“Scm). 


Fig. 19.10. Typical X-ray spectrum at 
35,000 volts. Bragg spectrometer. Mo- 
lybdenum shows the lines of the K series 
superimposed on the continuous spectrum. 



Voltage Applied to X Ray Tube 


ib) 

Fig. 19.116. Relation between frequency 
limit and voltage, derived from Fig. 19,11a. 
(Courtsey of C, T. Ulrey.) 
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Pknck'5 n:eas:ir:ng t :ie limiting frequency vi for a given acceler- 

ating vc]tagc T’ anil lifting ]Miiiikan> value of the electronic charge e. 

iiow are the experimental results just reported interpreted by the quan- 
nmi theory? The law of Duane and Hunt bears a striking resemblance 
TO Einstein’s equation of the photoelectric effect hv = P + eV, [Eq. (11.1)]. 
Einstein interpreted this equation by the idea that a quantum of light hv 
spends the energ>^ P for the liberation of an electron from a metal surface 
and the balance eT', (Vs = stopping potential) for imparting kinetic energy 
to the same electron. For the photoelectric effect by X rays the same 
equation is true but may well be simplified by neglecting the work func- 
tion P because the energy hv is so high, many thousand electron volts, 
that the work function P of a few electron volts is negligible. Thus the 
equation for the photoelectric effect due to X rays, hv = ekT, still more 
strikingly resembles the law of Duane and Hunt describing an entirely 
different process. 

This similarity of the equations suggests the explanation of the con- 
tinuous X-ray spectium. WTiile in the photoelectric effect the energy 
of the quantum hv is changed into kinetic energy of the electron, in the 
emission of the continuous spectrum the reverse process takes place, z.e., 
the kinetic energy eT" of the impinging electron is changed into the energy 
of a quantum hv. Since the spectrum has a continuous spread, although 
all electrons hit the target with the same energj", one must more specifically 
assume that the process described is the limiting case. In the great 
majority of emission processes, the electron is not stopped at once but 
loses its energy in several steps, in each step emitting a smaller quantum. 

Summarizing, we note that the continuous X-ray spectrum fits well into 
the quantum theory; it is emitted in a process that may be described as 
the reverse of the photoelectric effect. 

j, Compton Effect, ^Xhen introducing the quantum theory of light 
(Part IV), we based our argument largely on Einstein's equation of the 
photoelectric effect and its interpretation. We supported his argument 
by a qualitative discussion of the Compton effect (Chap. 13). Having 
discussed the X-ray spectrometer, we are prepared to discuss Compton's 
discovery in detail. A. H. Compton investigated the spectrum of scattered 
X rays. Figure 19.12 shows his arrangement. X rays of a sharply defined 
frequency, €,g., of a characteristic line of molybdenum, are incident on a 
block of carbon. The scattered X ray is analyzed in a spectrograph. 
Compton found that the spectrum of the scattered ray shows the same 
sharp line as the “primary ray’' and in addition another line shifted to 
longer wa^^e lengths. The wave-length difference between this new line 
and the original line increases with the angle at which the scattering is 
observed. The experimental results are given by Fig. 19.13. 

Compton interpreted this effect by a theory that represents the boldest 
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appiif^'Jitiorx of the quantum theory of light. He assumed that the inci- 
cleni consists of quanta of energy hv, traveling with the velocity c, 
hitting the electrons of which the carbon atoms are largely constituted. 



Fig. 19.12. Compton effect, experimental arrangement. 



Fig. 19.13. Compton effect, re- 
sult. The modified line M is 
shifted with respect to the pri- 
marj’ line P, depending upon the 
angle of scattering. 


In this process each quantum imparts some 
of its energy and momentum to an electron 
according to the same laws that govern the 
collisions between billiard balls, i.e., the laws 
of conservation of energy and momentum. 
With this idea in mind, we describe first the 
scattering material and then the incident X 
ray. In a light atom the detachment of 
electrons requires energies so small as com- 
pared with the X-ray quantum hv that the 
electrons may be considered to be free. 
Since their velocities are small as compared 
vntYi the velocities that, as we shall see, wiU 
be imparted to them, we may neglect their 
original velocities. Thus, rather strangely, 
the scattering material is described as con- 
sisting of free electrons with negligible ve- 
locities. 

For the description of the quantum, we 
must specify its energy, well known as Aj/, 
and also ascribe to it a momentum expressed 
in the following manner. In our discus- 
sion of cathode rays (Sec. 8.4) we introduced 
what we called the ‘‘principle of the equiv- 
alence of mass and energy.'^ (We stated 
historically that Einstein derived this equiv- 
alence from his more fundamental principle 
of relativity, Appendix 7.) The principle 
states that any energy represents a mass = 
energy /c^, where c - velocity of light. Thus 
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w aajcri'oe to the fiuaniiini of enevjry hv the equivalent mass hv^ r-. Fur- 
Iherraore, to this mass wc artribuSe the linear momentum = mass X ve- 
locity, hence 

hv 

IMomentiiin ut quantum = — 

Now \s*e are prepared t<.« >t:ue the laws of conservation of energy and 
momentum. :Here the suident should review Prob. 14.1.j Since we wish 
to avoid formulas that we have not derived, we shall not use the relativistic 
expressions Joi* the energy and momentum of the electron. By applying 
instead the expre^tions of Newtonian mechanics, we restrict ourselves to 



Fig. 19.14. C'nnservation of momentum at the scattering of an X-ray quantum. 

an approximation that is valid only for velocities of the electron small as 
compared with the velocity of light. 

Xotation: 

V = frequency of incident X ray 
v' = frequency of scattered X ray 
jjL = mass of electron 

V = velocity given to the electron 

<f> = angle between incident and scattered X ray (see Fig. 19.14) 
d = angle between incident X ray and scattered electron 

The conser\'ation of energy is stated in one equation since the energy is 
a scalar quantity. 

+ f (I) 

The consen’ation of momentum is stated in two equations since the mo- 
mentum is a vector and the law of consen’ation applies to each of the 
components; no third component must be considered since the process of 
scattering takes place in a plane (Fig. 19.14). 

^ ~ cos (j> + fiv cos 8 (II) 

. hv' . . . . 

0 = — sm 9 — juy sm 8 


(HI) 
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AVliit'i- M'.iaiitities should we consider as knowTi and which as unknown? 
The fiiut ianeiitai constants h , ju, and c are known once and for all. Further- 
inore, die experimental physicist know's the frequency v of the incident 
X rav and the direction (j> at w'hich he observes the scattered X ray. 
Tiiu.< tiie lliree unlaiowns v, and d are to be computed from the three 
equations. In order to compare the result of the theory with Compton^s 
experiment we are not interested in the velocity v and the angle 6 of the 
scattered electron. So w’e solve the equations for the wnve-length shift 
- X. This, luifortunateh", is an awkw'ard problem, the solution of w’hich 
]fi carried through in Prob. 19.1. The result is 

X' — X - — (1 — cos cj)) 
ixc 

(The rigorous, relativistic treatment leads to the same final formula.) This 
simple result states that the w^ave-length shift X' — X depends only on the 
angle not on the wave length of the incident X ray. For the observa- 
tion of the scattered ray in the direction normal to the piimary ray, the 
wave-length shift ahvays has the value h/{ixc) = 0.0242 X 10”® cm. The 
final formula of the theoiy successfully predicts the observ^ed shift of the 
spectral line. The fact that the scattered hght contains the unshifted 
line in addition to the shifted line is explained by the assumption that 
many firmly bound electrons cannot be considered as free and hence scat- 
ter the light as parts of the much larger mass of the atom. The same theoiy 
when applied to a much larger mass leads to a negligible shift. If this 
idea is correct, one should expect a higher intensity of the nonshifted line 
for the heavy atoms, which have plenty of firmly bound electrons. This 
has actually been observed. On the other hand, the lightest atoms like 
lithium scatter X rays with nearly the w^hole intensity in the shifted line. 

This argument explains at the same time w^hy visible light fails to show 
C’ompton scattering; there are no electrons bound with an energy small 
as compared with the energy of the quanta of visible light. 

Oil the other hand, visible c^uanta have a chance for another division of their energy 
when scattered fr<jm molecules; they may ti-ansfer a part of their energy and so start 
molecular \ibration. This describes the Raman effect discussed in Sec. 17.7. 

Compton's theory predicts that in each scattering process an electron 
is ejected. With the Wilson cloud chamber (discussed in Sec. 21.2a) such 
“recoil electrons," ejected by X rays from gaseous atoms, have actually 
been observed. We shall not discuss the complicated detail because the 
evidence is not so straightforw’ard as the observation of the w^ave-length 
shift. 

The excellent agreement of Compton's theory and his observations pro- 
vides a striking confirmation of the theory postulating that light consists 
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of (juanta (endowed witii a energy and momentum. The same 

fundamental idea leads to a tbeoretieai derivation of the radiation pressure. 
Such a pressure ^vas predicted by IMax^vell (1874) on an entirely different 
basis. From his electromagnetic theoiy he derived the result that radia- 
tiijii, at normal incidence, exerts a pressure on a reflecting surface, amount- 
ing to twice the energy density of the radiation. This very small pressure 
has been measured by Lebedew U901), Nichols and Hull (1903), and Ger- 
lach and Golsen (1923». Plow is the radiation pressure treated in the 
quantum theory of light? Here our theoretical picture is that, at the re- 
flecting surface, each quantum bounces back, reminding us of the treat- 
ment of the pressure exerted by a gas on a surface. The computation is 

K L M 

^ ^ ^ 

0 1 2 3 4 5 6 7 

— ► Wavelength (il) 

Fig. 19.15. X-ray spectrum of tungsten (omitting the weaker lines and those of longest 
wave lengtljsj. 

given in Prob. 19.2 where the result of the quantum theory is found to 
agree with the result of jMaxwell’s theory. 

19,2. Properties of Atoms as Revealed by X Rays. In our discussion of 
X rays we have so far described experimental results and referred to the 
theory of light quanta. We have not yet made use of the picture of 
the atom as consisting of a nucleus surrounded by shells of electrons. The 
contribution of the X-ray line spectra is important for the analysis of the 
electronic structure and our knowledge of the periodic table. This is 
the subject of the present section. We shall pay particular attention to the 
X-ray spectra of the heavy elements in which the simplest conditions pre- 
vail. 

a. Emission Spectra; Moseley Diagram. It is a striking fact that X-ray 
line spectra are ever so much simpler than optical spectra. While we 
had to omit the description of the more complicated optical spectra, it 
will be easy to describe X-ray spectra. We shall omit only the detail of 
their fine structure. A heavy element, serving as the target in the X-ray 
tube, emits an X-ray spectrum which consists of several series of lines. 
Each series converges toward high frequencies as far as one can tell, con- 
sidering the fact that each series consists only of a few lines, not infinitely 
many lines as the series of optical spectra. The various X-ray series of 
tungsten are sketched in Fig. 19.15. The series located at the highest 
frequencies is called the “K series/’ next comes the L series, etc. 

jMoseley, in 1913, investigated the relation between the X-ray spectra 
of the various heavy elements. In optical spectra, there is no simple rela- 
tion whatever between the spectra of atoms adjacent in the periodic table. 
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•Here we mean neutral atoms, not atoms compared with ions as in 
Sec. 16.1?/. J However, in X-ray spectra Moseley discovered a simple re- 
lation. which is evident in the graphical representation of the spectra 
Fig. 19.16). The X-ray spectra of all elements closely resemble each 
other: with increasing atomic number the^" are systematical^ shifted to 
higher frequencies. In X-ray spectra, there is no trace of the periodicity 
that is strikingly demonstrated by the optical spectra and chemical prop- 



Fig. 19.16. Comparison of X-ray series of the various elements. (After Sieghahn.) 

erties of the elements. TSTien tracing any one X-ray line, e,g., the first 
line of the K series, called Ka, through the table of elements, Moseley 
found the simple relation 

v^HcR{Z-iy (19.4) 

where c = velocity of light 

R = Rydberg constant (the same as in the Balmer formula of the 
hydrogen spectrum) 

Z = atomic number 

When is plotted against Z, this relation is represented by a straight 
line. Such straight lines for various X-ray spectral lines are showm in 
Fig. 19.17. This diagram, called the “Moseley diagram,’* is of outstand- 
ing importance, not only for our knowledge of X-ray spectra, but beyond 
that for our knowledge of the periodic table. First of all, the diagram 
tells us that, in a way, our knowledge of the chemical elements is complete. 
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X(j nev.’ olemoiit Cctn he HticmI iv.o ox liic kno\m elements l^ecuuse 

this <ii.']‘upt the sraourh •'Unight lines ut‘ the diagram, which ob- 

viously represent a law of iiatu'e. liuvs*ever. this argument leaves un- 
known whether or not now elemenrs may be found beyond the heaviest 
element kn(»\vn at tba* time oi ^Moseley, /.t., X^o. 92, uranium. 

Historically it is better to say that [Moseley discovered a gap in the 
table of element-s hy kinks in his straight lines which, however, disappeared 



Fig. 19.17. Moseley diagram of the K series. 


when he assumed the existence of an element, Z = 43, unknowm hereto- 
fore, discovered many years later. Furthermore, Moseley had to reverse 
the order of nickel (atomic weight, 58,69 j and cobalt (atomic weight, 58.94) 
in order to obtain smooth lines. He confirmed two similar rearrangements 
previously proposed by the chemists (see Sec. 18.1). These exchanges of 
order seem less objectionable nowadays than they may have appeared in 
1913 because now we Icnow that any chemical atomic weight is not char- 
acteristic of an individual atom but of a mixture of isotopes” (see Sec. 
20.2), the concentrations of which are determined by unkno\\Ti nuclear 
processes. 

The X-ray spectrum of an element is the same for the solid, the liquid, 
and the gas; it is even independent of the foimation of chemical com- 
pounds. In this respect, too, X-ray spectra are much simpler than optical 
spectra. 

[Moseley's diagram accurately predicts the X-ray spectra of the few ele- 
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ments still unloiown. Therefore, since Moseley s time, any claim of a 
discovery of a new element has had to be substantiated by the X-ray 
spectrum. Only if the element is being produced by artificial transmuta- 
tion (Chap. 22 j in quantities too small for the spectroscopic test are other 
itrguments acceptable. 

b. Theory of SheJh of Electrons. How do these obser\'ations of X-ray 
spectra fit into the theoretical picture, worked out on the basis of the 
periodic table, consisting of the nucleus surrounded by shells of electrons 
(See. 18.S)? Our answer will begin ^rith a qualitative picture; then we 
shall try to estimate the frequencies on the basis of Bohr’s theory. His- 
torically, the early exploration of X-ray spectra had the benefit of the 
interpretation by Bohr’s theory which became laiovn only one year after 
the discoveiy of X-ray diffraction. 

The K series contains the highest frequencies, i.e., the largest quanta 
emitted. Hence they are attributed to the electrons closest to the nucleus. 
These are the two electrons of the innermost shell, which, because of this 
relation to the Iv series, is called the shell” (see Fig. 18.2). With in- 
creasing atomic number the Iv series of the various elements are shifted 
to higher frequencies because the increasing nuclear charge provides a 
larger force binding all external electrons. 

The corresponding idea applies to the higher series. An atom that has 
just emitted the line Ka has now the vacant place in the L shell. (The 
same vacancy may be created instead when it happens that the impinging 
free electron knocks out one of the L electrons.) If now one of the M elec- 
trons drops into the L shell the first line La of the L series is emitted, etc. 
The diagram (Fig. 19.16) indicates that only for the heaviest elements has 
the N series been obsert^ed. For this and the still higher series, the tech- 
nique of obser^^ation is difficult since they are strongly absorbed by air. 

The theory accounts for the fact that X-ray spectra fail to show a 
periodicity. Since all inner shells are complete, their only change with 
increasing atomic number consists of an increasingly tight binding. The 
periodicity is a feature of the external shellsy which are responsible for the 
optical and chemical properties of the elements. 

The theory of electron shells predicts a relation closely resembling the 
“combination rule” (Sec. 15.5d) of the optical spectra. When a K electron 
is knocked out and an J\I electron falls into the empty place, the line 
is emitted. When instead an L electron goes into the Iv shell and next 
an M electron into the L shell, the same total change of the configuration 
takes place in two successive steps; hence the total change of the energy 
is the same. Consequently, the frequencies should bear the simple relation 
^Kj 3 “ ^Ka experiments confirm this prediction. Another com- 

bination rule will be discussed in the section on absorption spectra 
(Sec. 19.2c). 
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\\Tien we attempt a quantitative prediction of an X-ray line spectrum 
on the basis of Bohi-’s theory, we can expect only an approximation since 
the situation is much more complicated than in the hydrogen atom. We 
try to compute the first line of the K series by simply applying Bohr’s 
theory to an electron which falls from the second to the first orbit (w = 2 
to ?! = IJ in the electric field of the nucleus of atomic number Z. For this 
line Bohr’s theory predicts the frequency 

This crude approximation approaches Eq. (19.4), discovered empirically 
by ^Moseley, surprisingly well since for heavy atoms there is little differ- 
ence between Z - 1 and Z. The factor 2—1 instead of Z is explained 
by the fact that the electron considered is not confronted with a nucleus 
alone but with a nucleus whose charge is slightly screened” by one or 
several of the innermost electrons. (The outer shells are not expected to 
affect the result since an electrically charged sphere does not produce an 
electric field within its interior.) 

The success of Bohr’s theory in predicting Moseley’s empirical formula 
may well be counted as an additional confirmation of the statement that 
the atomic number Z equals the nuclear charge. Altogether, the pic- 
ture of the shells of electrons, introduced for the interpretation of optical 
spectroscopy and chemistry, gives an excellent account of X-ray 
spectra. 

c. il/crtoda o/ Observation, Follow’ing our treatment of optical spectra, 
we shall next compare the various methods of observation, excitation by 
electron impact, absorption, and fluorescence. In all these experiments 
we shall notice great differences between X-ray spectra and optical spectra 
which again are fully explained by the theory of electron shells. 

By the method of controlled electron impact we can excite the first line 
of the principal series of an optical spectrum separately, e,g., the line 2,537 
of mercurj’' by electrons of an energy of 4.88 ev. Nothing of the kind 
can be done with an X-ray spectrum, e,g,, the line K®. This line is emitted 
only when the impinging electron has enough energy to hnock out a K elec- 
tron, Z.C., the energy computed from the series limit of the K series. Then 
the whole K series appears at once, combined with all the other series. 
Any series of lower frequency, e.g,, the L series, can be excited without 
the K series, by an electron impinging with an energy computed from the 
limit of the particular series. 

This is exactty what the theory predicts. We cannot expect to raise 
a K electron to the L orbit because this orbit has no vacant place. Be- 
cause of the closed nature of the shells, we must completely knock out ^ 
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K electrons in order to give rise to the emission of the K series and all 
other series. 

Tn a gaseous atom, theoretically, one may distinguish between knocking out a K 
electron and raising it to an excited level outside the external electrons. However, this 
distinction, amounting to a few electron volts, is nrjt noticeable experimentally since we 
are dealing with energies of many thousand electron volts. 

Correspondingly, by loiocking out L electrons, which requires much less 
energy, we give rise to the radiation of the whole L series and the series 
of lower frequencies. In smy case, the excitation consists of ejecting an 
electron from a closed shell, in other w’ords, ionizing the atom. 

The X-ray absorptioii spectra fit equally well into the theoretical picture. 
To begin with, we must make sure that X-ray spectroscopy permits a 
definition of the absorption coeflacient better than that which we discussed 
and criticized above (Sec. 19. Id). In that piimitive method a measure- 
ment is made of the hardness of a composite X ray which in general con- 

’ frequencies. The ambiguity disappears when 
oeflScient of an X ray of one frequency as is 
ocedure. In a turning-crystal spectrometer 
mitted at a certain X-ray frequency in terms 
he ionization chamber. Next, when placing 
reen the X-ray tube and the slit, we measure 
\’'arjdng the thickness d of the absorber, we 
intensity J as a function of d is expressed as 
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I, called the absorption coefficient,” is char- 


j -j _ called the absorption coefficient, is char- 
Acc. No. 2 ^ nd the frequency. The absorption of X rays 

/ scribed by the curve representing the absorp- 

— frequency v or the wave length X. 

As discussed in bee. TS^TS, the absorption coefficient of an element at 
any wave length is best described by the “mass absorption coefficient” 
Prr, = At p, where p = density of the element (see Prob. 19.3). 

The results of this method of measurement are X-ray absorption spectra 
which differ from the optical absorption spectra (Sec. 17.5a) in a way that 
is readily understood on the basis of the theory. We remember that the 
optical absorption spectrum, e,g.j of sodium vapor (Fig. 17.7), shows all 
lines connected with the normal state of the atom, z.e., the principal series, 
and a continuous range of absorption beyond its convergence limit, de- 
caying toward high frequencies. In an X-ray absorption spectrum, the 
series itself is absent ; only the continuous absorption beyond its limit shows 
up. This is illustrated by Fig. 19.18 in which we schematically compare 
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the emission spc(*triim and the absorption spectrum of the same hean 
element. Each coutiiiuous absorption range starting at the frequency of 
a series limit gradually decays toward higher frequencies. The explana- 
tion of these ai^sorption spectra agi*ees entirely with the argument just 
given for excitation by controlled electron impact. Since the shells do 
not contain vacant places, incident X rays (as well as electron impact) 
fail to raific an electron, for example from the K to the L shell. The only 
possible effect of incident X rays consists of removing an electron; this 
process gives rise to a].)sorption beyond the convergence limit. It may 
happen to the K shell as well as to any other shell. 



Fio. 19.18. Schematic comparison of X-ray absorption and emission spectra of a 
hea\y element (omitting the structures of the lines and edges). Each absorption edge 
coincides with the short wave-length limit of an emission series. The sharp lines show 
up only in emission. 

The theory of electron shells predicts a special combination rule (Sec. 
15.5(/). As an example we shall use the line Ka. In the initial state of 
its emission process, an electron is missing in the K shell, in the final 
state it is missing in the L shell, hence the quantum hv of the line Iw 
measures the energy difference between these two atomic states. On the 
other hand, the K absorption limit is a measure of the energy required to 
remove an electron from the K shell, the L absorption limit has the same 
significance for the L shell. Consequently the difference between the two 
limits should equal the frequency of the line Ka. Observation confirms 
this theoretical prediction. 

The location of the various absorption limits all over the table of ele- 
ments can be visualized in Fig. 19.16, which shows all the series, each of 
them represented by only two or three lines. In the absorption spectra 
all sharp s'peclral lines are absent; but each series limit is conspicuous as 
the starting point of a continuous spectrum which extends toward short 
wave lengths with gradually diminishing intensity. From this survey we 
derive the answer to specific questions. For example, when operating an 
X-ray tube with a tungsten target on 70,000 volts, we excite^the tungsten 
Kot line (0.21 A) with considerable intensity. How is this line absorbed 
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by the various elements, considering equal numbers of absorbing atoms? 
Light elements are quite transparent because their K series, as far as one 
can identify them, are located at much longer ^\'ave lengths. Thus the 
diagram explains the great transparency of the tissue of the animal body 
consisting largely of carbon, oxygen, nitrogen, and hydrogen. Further- 
more, it explains the fact utilized in the measurement of the X-ray do.se 
by the ionization chamber, that air shows about the same ionization as 
animal tissue (Sec. 19.1dj. Bones absorb considerably more because they 
contain the heavier element calcium. Elements like barium, located at 
the beginning of the sixth period to which the target material, i.e., timg- 
sten. belongs, show intense K absorption spectra whose strongest sections, 
near the limits, coincide with the line of tungsten. Tungsten and its 
immediate predecessors show much weaker absoiption of the same line 
because here only the latter part of the L absorption is effective. The 
absorption becomes again stronger for the heaviest elements because tlieir 
L series limits come closer to the spectral line considered. 

For long wave lengths, sa 3 ’’ 20A, all elements except the very lightest 
ones are opaque. For very short wave lengths, like those of gamma rays 
emitted from radioactive elements (wave lengths of the order 10“-A), all 
elements are transparent, the lighter elements more so than the heavier 
ones. For still shorter wave lengths, however, something unexpected hap- 
pens. An entireh’’ different process, pair production, to be explained in 
the chapter on artificial transmutation (Sec. 22.5), is responsible for an 
increase of the absorption coefficient in the very extreme energy" range 
of quanta of 1 million electron volts or more (Fig. 22.10). 

Now we are able to predict that in X-ra^" fluorescence the same contrast 
should show up between optical and X-ray spectra as in absorption. Al- 
though in sodium vapor the first line of the principal series excites fluo- 
rescence of the same wave length, we cannot do the corresponding e.xperi- 
ment nith the line Ka of a hea\y element. However, when we irradiate 
a heavj" element with a line that is stronglj’' absorbed (e.g., barium with 
the line Ka of tungsten) then we ionize its K shell and the whole Iv series 
and all other series of the element that is irradiated appear in fluorescence; 
i.c., they are emitted in all directions. The corresponding statement ap- 
plies to the other series, in close analogj^ to excitation b\" electron impact 
discussed above. Here Stokes’ law is valid as well as in optical fluorescence 
(Sec. 17.6). Fluorescence represents X radiation produced by absorption 
of X radiation. Hence absorption of X rays does not neeessarilj- indicate 
that radiant energy- is lost as such; parih" it may be only deflected into other 
directions and deteriorated into smaller quanta. Onh' that part of the 
absorbed quantum that goes into kinetic energy of the liberated electron 
is really lost as radiant energ>". 

d. Report on Further Developments. Our description of X-ray spectra, 
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in emission and absoi-ption, somen'hat simplified. Many X-ray lines 
show a fine sti-ucture. Fui'thennore the absoi-ption edges, except for the 
K absorption, show structures, s-g-i the L absorption a subdivision into 

three separate limits (Fig. 19.19). . j. . i, „ 

In our discussion of optical spectra and the penodic table it was bnefiy 
reported (Sec® 16 Ic and 1S.9) that the theory of the fine structure of 
spectral lines requires a more detailed picture of the atom involving more 
quantum numbers. It is highly satisfactory to note that the same system 
of quantum numbew, which was introduced for the interpretation of optical 

spectra and substantiated by their bearing 
on the fieriodic table, gives a thorou^ 
account of all the detail of X-ray spectra 
We limited ourselves to the considerar 
tion of the X-ray spectra of the heavy de- 
ments. This is justified by their simple 
structure as well as by the historical de- 
velopment. There is a ivide range of wave 
len g ths between optical spectra and X-ray 
spectra in which the spectroscopic tech- 
nique is difficult, partly because the air is 
opaque, still more so because the crystal 
grating fails and the ruled grating reflects 
light only with low intensity. Hence, for 
many years there was a wide gap between 
— ► Wave Length ranges explored in optical and X-ray 

Ft®. 19.19. Structure of the L ab- gpgg^jra; but through the work of Lyman, 
sorption limit of a hea\T element. others, this gap has gradually 

been closed. In the intermediate wave-length range, the transition is en- 
dent from the simple structure of X-ray spectra to the complex structure 
of optical spectra. For example, it is in accord with the theory that for 
lighter atoms, or for the higher shells of the heavy atoms, the shells are not 
completely independent of what happens at the surface of the atom. There 
the spectrum of an element is, to a certain extent, affected by the state or 
the formation of chemical compounds. 

The simple structure of X-ray spectra discussed above as well as the 
refinement just mentioned provide over^vhelming confirmation of the theory 
of atoms as constituted of nuclei endowed with positive charges and sur- 
rounded by shells of limited numbers of electrons. 

19.3. AppUcations. The medical applications of X rays are known so 
universally that they will be only briefly mentioned. X rays are used for 
diagnosis and for treatment. For most purposes of diagnosis a potential 
difference between 50,000 and 90,000 volts generates rays of a sufficient 
hardness. Bones and metals are easily visible, and the digestive tract 
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can be roaxie visible by mixing a compound of a heavy element, e.g., 
bismuth, \vith the food. 

Treatment by X rays depends on the fortunate fact that diseased tissue, 
like a tumor, is susceptible to destruction to a greater degree than the 
surrounding healthy tissue. In order to reach a deep-seated tumor vdth 
minimum destruction of the skin, very hard X raj's, generated by potential 
differences between 200,000 and 1,000,000 volts, or even more, are applied. 



Fig. 19.20. Badiograph of a steel casting showing internal defects, {pawrtesy of Dr. 
G. L. Clark.) 

For this purpose some hospitals are equipped nith special X-ray apparatus 
operated with Van de Graaff electrostatic generators. 

Testing of materials represents another important application of X rays. 
For example, in X-ray pictures of heavy steel plates defects may show 
up which reduce their strength (Fig. 19.20). 

The structures of complex organic molecules may be analyzed by X-ray 
diffraction since such molecules show regularities in their stnictures giTnilar 
to the regularities in crystals. Thus atomic distances within organic mole- 
cules are being determined. 


SUMMARY OF CHAPTER 19 

1. Properties of X Rays. Roentgen discovered that glass and metals 
when hit by fast electrons emit rays which penetrate through black paper 
or any light material and produce light on a fluorescent screen. These he 
called X rays. 

Other outstanding effects of X rays are as follows: They affect the photo- 
graphic plate. They are diffusely scattered by all substances. They ionize 
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air They are absorbed, in general by heavy elements more strongly th 
by light elements 

The dose of X rays is measured by the rate of discharge of a condens ‘ 
containing air between the plates. ' ' 

Polarization of X rays may be produced by scattering and tested by 
second scattering process (Barkla) ^ 

Von Lane discovered that X rays diffracted by the atoms of a crystal 
interfere iMth each other, givmg evidence of the wave nature of X rav-. 
Since constructive interference depends on the wave length, a spectrum 
is produced. The wave lengths are of the order lA, i e,, about 1/'5000 oi 
the wave length of visible hght, and are measured by Bragg’s luming. 
crj'stal spectrometer. 

Since the index of refraction for X rays of glass, crystals, and meial'i 
is slightly smaller than unity, total reflection takes place withm a small 
angle near grazing incidence. This obsen^ation malcea X rays accessible 
to spectral analysis by a ruled grating. The combination of this experimenl 
Tidth dilfracifion by a crystal grating leads to a new determination of the 
electronic charge e. The result agrees with the result of the oil-drop 
experiment 

A heavy target bombarded by fast electrons emits two types of spectrum 
superimposed- a sharp line spectrum characteristic of the material of the 
taiget (discussed in Sec. 19.2) and a continuous spectrum. The continuoui! 
spectrum has a sharp high-frequency limit Vi depending only on the voltage 
y accelerating the electrons, not on the target material The frequency 
vi can be computed from the equation hvi = eV. The limit is explained 
by the complete conversion of the electronic kinetic energy eV into energy 

of a quantum hvi This process is the reverse of the photoelectric effect 
produced by X rays. 

The Compton effect is obseiwed Avhen X rays of a sharply defined wave 
length X are scattered by a hght substance. The spectrum of the scattered 
rays contains the same wave length X and a new, longer wave length X', the 
difference X — X depending only on the angle at which the scattering is ob- 
served. The shifted spectral line is explained by an application of the “ cor- 
puscular theoiy of light describing the scattering process as a collision 
betw een the quantum and an electron belongmg to the scattering material, 

2. Properties of Atoms as Revealed hy X Rays. The characteristic line 
spectrum of a heavy element consists of a few series called the ‘*K” senes 
at the highest frequency , the L series, etc , each series consisting of only 
a few lines C fimparing the emission spectra of the heavy elemenh, 
]Moi;eley discovered a linear relation betiveen y/v and the atomic number Z ■ 

For example, all fust lines ot the K senes of the various elements are de- 
scrilied l)y the equation 


p == f4^cR {Z - ly 
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The jMoseley diagram repreaentiiig these relations proves that our kno\\l- 
edge of elements is complete except, possibly, at the end of the periodic 
table 

X-ray spectra do not depend upon the state of an element nor the forma- 
tion of compounds. All observations on line spectra are satisfactorily ex- 
plained by the theoretical picture of the atom consistmg of a nucleus and 
shells of electrons See the survey given in Table 19 1 Altogethei, the 
X-ray line spectra provide a strong confirmation of the theoretical picture 
of an atom consisting of a nucleus surrounded by shells of electrons (see 
Table 19 2) 


Table 19 1 Comparison of Optical Spectrum and X-ray Spectrum 


Optical spectrum 


X-iuy spectrum 


Spectrum w tlue to 


An outei electron 


An innci electron (normally 
all available places occupied) 


Excitation by con- 
ti oiled election 
impact 


Absorption of radia- 
tion 

Radiation 


An oitiei election raised to 
highei orbit Single hue (D 
line of Na) excited by excita- 
tion potential computed from 
X of tills hne 

All Imes connected with noimal 
state and continuous spec- 
tium beyond .senes limit 
The electron just excited fulls 
to lowei level 


An innvf electron knocked out. 
No individual excitation of 
bnes Whole hciies excited 
by excitation potential com- 
puted from X of senes limit 
Only continuous spectium be- 
yond senes bnuts of K, L, 
etc., senes 

One of the electrons of one of 
the next sliells fulls into the 
vacated place of the inner 
shell. Example Line Kt* due 
to L electron falhng into K 
shell 


Table 19 2 Properties of Outer and Inner Shells and of the Xiichnis 


Chemical and spectro- 
scopic properties 

Depend on state and foimation of com- 
pound, peiiotiic 

Due to outei shell 

X rays 

Largely independent of state and forma- 
tion of compound, nonpenodtc 

Due to imiei shells 

Isotopes, ladioactiv- 
ity, transmutation 

Independent of state and foimatiun of 
compound, non penoilic 

Due to nucleus 


PROBLEMS 

19 1 Compton effect Solve Eqs (I), (II), and (III) given in the text tor the wave- 
length shift X' — X which is observed by Compton. Apply the following pioceditie* 

a. Introduce X and X' instead of v and v'. The equations so pioduced are called (IV), 
IV), and (VI) 

b. In Older to elimmate the unknown 6, wiite Eqs (V ) and (VI) such that the mem- 
beis containing 9 are on one side Squaie and add these e([uatiuns 
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( As tlio rtiftultnig equation pontains and h/\'\ simplify it by squa ring 

fiulitiacfirig Eq. (IV) (aftei transfening the members containing X and X" to one 
side) 

d Since we lestrict our consideration to velocities v of the electrons small as compared 
vnth the velocity c of light, neglect rV(2cS) as compared with 1. 

e. In order to eliminate the unknoxTO », divide Eq (IVl into the last equation. 
Expretfci X' — X m terms of the universal constants and the angle 6. 

19 2. Radiation pressu/e (difficult ptobleni) Prove that the pressure exerted hy 
radiation at normal incidence on a reflecting sui face equals twice the energy density uf 
the radiation. Usmg the data of Piob 11 3, compute the foice exerted by yellow light 
emitted fiom a source of 1,000 caiwUepower on a miiror (aiea A = 6 cm®) placed in a 
position nriimal to tlie rays at a distance of 2 m from the source Express the forre in 
ergs and giam weights. 

Natation 

c = velocity of hght 
M = mass of plate 
..I »= aiea of plate 

n » number of quanta per cm® and sec. 

Hint (a) Compute tlie tadiution presume (1) Following the procedure of the kbetic 
theory of gases xviite the equation for the conservation of momentum for the reflection 
of one quantum (C = velocity given to the mass M). (2) Wiite the conespondiug 
equation for the total area A when hit by n quanta per cm® and sec (3) Express the pi es- 
sure as m Chap 3. (h) Compute the energy demity. Consider a stream of quanta of cross 
section A ti avehng dm mg the time mterval t (1) Compute the energy travehng durmg 
T through -1. (2) Compute the volume occupied by this energy. (3) Compute the 
energy density, (c) Compate Uie results denved under (a) and (b). (d) Introduce 

numerical values. 

CoMMENTb: The niimeiical result makes it evident that the measurement of the 
radiation piessure is very difficult. 

19 3 A&«orphaa of X rays. Given the mass-absorption coefficient p/p 
meicury for the wave length 0098A. = 3 31 cm®/g Compute the ratio of trails* 

nutted to incident mtensity I/h for the followmg coses: (a) a layer of liquid mercury, 
1 mm thick, density 13.55 g/cm®; (b) the same, 3 mm thick, (c) a 1/10 molar solution in 
w'ater of mercuric nitiate, HgfNOg);!, m a layer 5 cm thick (the molar solution contains 
1 mule m 1 hter of the solution). Assume that the solution occupies as much space as 
the xvater alone, the absorption by the atoms other than Hg is negligible; (d) monatomic 
mercury vapor, 1 atm at 357® C, in a layer 30 0 cm thick 

19 4 Heating of target Foi a demonstration expeiunent, an X-ray tube is at your 
disposal with a copper target All you can measure fiom the outside is the volume of 
the target as 3.0 cm® A’ou want to opeiate youi tube at 20,000 volts and 10 mamp. In 
order to judge whether you can risk the experiment without coohng the target, compute 
the time it will take for the taiget to reach a temperature of 200®C staitmg Irom room 
temperature (20®C) Suppose that the target does not give off an appieciable amount 
of energy during the experiment. You will find the other necessary data in any textbook 
of phyMC^ 

19 5 Total leflection For ciowm glass the index of refi action is given in the text as 
a = 1 — 1 64 X 10“® (Set* 19 Ij/l Calculate the small angle of grazing incidence in air 
that limits total leflectiou 

Hint. Notice that conventionally m optics the ciitieal angle jS of total leflection is 
measured between the ray and the noimal on the smtace w’hile m X rays the angle 6 is 
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ineu''Ui‘cd between the raj^ and the suifane. Apply the law of rcfi action and approxima- 
tiDij-J foi hinall angles 

19.0 >Sc»a*tts You aie asked to build a scieen puitocting you from the highly 
pellet I ating line Ka of tungsten The absoiption coefficients /z of aluminum and lead 
arc, respectively, 0 688 and 41 8 W’’hat percentage of the intensity will pass through 
plates 1, 2, 4, mm thick of alumuuira and lead, lespectivoly^ IMiat thickness of aluim- 
nura is equivalent in absoibmg powei to 2 mm lead? 

19.7 Biayg spediometer Given the ciy&tal constant of rock salt, d = 2 820A In 
the Biagg spectrometer the first older reflection of a spectral hue ls obseiveil at an 
angle 6i =* 15“53' Calculate its wave length X and the angle 02 of the second ordei 

19.8 Coiiiinuous X~iaij ^pecti um With the tmTimg-crystal spectrometei we measuie 
the contiiiunus X-ray spectium excited by a potential diffeience of 75,000 volts. Com- 
pute the shoit w'ave-leiigth hmit of the spertium and the adjustment ol the spectiom- 
eter with which we obseive this hmit m the fiist older (lock-salt crystal, d = 2 820 
X 10“^ cm) 

19 9. Compton effect Calculate the wave-length shifts X' — X predicted by Compton’s 
theory foi the angles 0, 45, 90, and 135 deg For the piimary line molybdenum Iv®, 
X =s 0 707A, compute the shifted wave lengths X' and the corresponding angles 0' to be 
obaerved m the Biagg spectiometer eqmpped with a calcite crystal (d = 3.029A}. 
Compare with Fig. 19.12. 


I 




PART VI 

NUCLEAR STRUCTURE 


In preparation for the discussion of optical spectra, the periodic table, 
and X-ray spectra we had to insert a chapter on nuclei (Chap. 14} re- 
portinji Kiitherford’s discovery of the nuclear atom and the ensuing meas- 
mcmciit ()1 nuclear charges ^ The conclusion that the nuclear charge equals 
the atomic number has been amply conhnned by other arguments (Secs. 
]5.6a, 16 Ih, 19.2a). Fm-thermore, it may seem that we know the nuclear 
masses I Sec 9.2), with particularlj’^ great accuracy the relative masses being 
measured as atomic weights. We shall find, however, that ive must revise 
our undei’btandmg of the significance of the atomic weights. 

To what extent do nuclear properties affect the electronic system as dis- 
cussed in the preceding chapters*? In the study of optical spectra and 
X-ray spectra we had little interest in any nuclear property other than 
the nuclear charge. The nuclear mass is simply assumed io be very large 
in comparison to the electronic mass; it is exceptional that in Bohr's theory 
of the relative motion of the nucleus a very small effect is explained by 
takmg into account the fimte value of the nuclear mass. (Nuclear masses 
have noticeable effects on molecular spectra, which we have not studied 
in detail ) In chemistry, of course, the relative nuclear masses, i.e., the 
atomic weights, play a major part. Since the nucleus is exceedingly small 
as compared to the electronic structure, other nuclear'properties have only 
very minor effects on atomic spectra and the chemical behavior of ele- 
ments. This applies to nuclear magnetic moments. Finally, the possible 
instability of a nucleus, one of its very important properties manifest in 
its disintegration or transmutation, is not noticeable at all in the study of 
the electronic structure For these reasons, nuclear physics is a field largely 
independent, of the physics of the electronic structure, much more inde- 
pendent than, tor example, X rays are of optical spectra. 

In Part VI we shall first study the separation ctf elements into iso- 
topes This applies to all elements, stable and unstable. Next we shall 
study natural radioactivity, which is due to the spontaneous disintegration 
of some elements occurring in nature. Finally, we shall discuss the wealth 
of new obseiv'ations discovered since physicists succeeded in breaking up 
nuclei by high-energy projectiles, thus transmutmg elements and even 
creating new elements heretofore unknowm. This new technique opens 
up a vast new field of physics. ^loreover, the new obseiv’-ations profoundly 
modify what seemed to be firmly established fundamental laws of physics 

*X student beginning the study of nuclear physics should first read Chap 14. 
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CHAPTER 20 

ISOTOPES 


20.1. Apparatus. The discovery of isotopes was the result of a refined 
technique in positive-ray analysis (Sec. 8 3] J. J. Thomson’s parabola 
method discussed above gave the first, rather vague, evidence of the new* 
phenomenon (1913) while modern apparatus usmg the same method gives 
clear-cut evidence (Fig 8.10). (Owing to the need for accurate determina- 
tion of specific charges, such instruments have been vastly refined. They 
are called ‘'mass spectrographs'’ because they collect ions of the same 
mass along sharp lines on photographic plates and thus produce pictures 



Pig. 20.1. Aston's mass spectrograph. Electric and magnetic deflection. 

resembling optical spectra. We shall describe two types, that of Aston 
and that of Dempster.^ 

(Aston’s mass spectrograph is sketched in Fig 20,1. The positive ions, 
which origmate in a low-pressure discharge (not on the diagram], acquire 
high velocities in the strong electric field located in front of the cathode 
(see Sec. 17.2a). Although most ions hit the metal of the cathode, others 
pass through a canal that is drilled through the metal. Since these ions 
which foim the positive ray are not all produced at the same distance 
from the cathode and so faU thi-ough various potential differences, they 
acquire velocities covering a vide range. CJn Aston’s instrument the posi- 
tive ray, first narrowed down by two parallel slits, is deflected in one 
direction by an electric field, then in the opposite direction by a magnetic 
field (These fields are indicated in the figure by a pair of condenser plates 
and the circular cross section of a pole piece ) This combination of fields 
separates the ions constituting the ray according to their values of specific 
charge, e '/i. Each t 3 rpe of ion, characterized by its e 'ju, foims a sharp 
straight line on the photographic plate ^ The technical progress due to 
Aston’s method is e\ident when we coifipare it with Thomson’s parabola 
method. There the length of each parabola shows the wide velocity range 
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of the ions constituting the positive ray. This spread of ions with equal 
6 ju requires a much longer exposure time than Aston’s mass spectro- 
graph where ions of different velocities are focused, t e., concentrated on 
one narrow and short “ spectral Ime.” The diagram explains this focusing 
effect qualitatively. While the electric field deflects the slow ions more 
than the fast ones, the imgnetic field, acting in the opposite sense, makes 
the same distinction between slow and fast ions and so finally combines 



Fig. 20 2 Dempster’s mass spectrograph. Positive ions from the filament are a^ 
celerated toward the first sht and bent on a ciicular path by a magnetic field acting 
between the slits. 

at the photographic plate the ions of one value of specific charge, though 
they are of different velocities. ) 

Simpler is the principle of the mass spectrograph designed by Dempster 
(Fig. 20 2) who independently made the discovery to be discussed. It 
Tvas reported in Sec. 8.2b that glo\\ing filaments, impregnated with certain 
salts, give off positive ions, a large fraction being alkali ions. By the use 
of this source of ions, ^ Dempster’s instrument is applicable to different 
materials and so supplements that of Aston. ^In high vacuum these ion? 
are subjected to electric and magnetic fields in the same way as described 
for electrons (see Sec. 8.2b) First the ions are accelerated toward a plate 
by the potential difference T-’'. Those ions which pass through a narrow 
slit cut into the plate (the first slit) enter another evacuated chamber in 
which they are subjected to a imiform magnetic field directed perpendicu- 
larly to their path The force exerted by this field on the moving charge 
bends their path into a circle After passmg around one-half of its cir- 
cumference the ray is incident on another plate into which a second slit 
is eut^^ But only for a special adjustment of all variables will the ray pass 
throu^ the second slit and be incident on some recording device, e g., an 
isolated metal plate connected with an electroscope.^ The electric charge 
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per second carried by the ray is measured by the rate of charge of the 
electroscope In the figure two rays are shown w'lth slightly different 
values of €'/x, one of them passing through the second sht and hitting the 
recording device ! 

The theoiy of the instrument wns given in Sec 8.26. The specific charge 
of the particles recorded is easily computed from 


2r 


( 8 . 11 ) 


In most cases we are dealing with smgly charged positive ions The radius 
7 of the circular path is given by the rigid construction of the apparatus, 
and the magnetic field H is kept constant. By variation of the accelerating 
voltage the various rays can have the radii of their respective circular 
paths so adjusted that these rays pass successivelj' through the second 
slit. For every such value of the voltage V wn compute the mass ji of 
the particles in the con*esponding ray from the last equation. Next wre 
may compute their atomic w’-eight from the equation m = NX ii [iV 
~ Avogadro’s number; Eq. (2.3)]. Conversely, Aston, knowing the atomic 
w'eight or molecular weight w of the ray, could predict the position of the 
line on the photographic plate. Hence the outcome of the experiment is 
apparently fully predictable. / 

20.2. Whole-number Rule. In our discussion of the results wre ahalT 
follow’ the wrork of Aston. He started with an accuracy in his measurements 
of one-tenth of 1 per cent. Continuing the wrork of Thomson, he applied 
his mass spectrograph to neon gas (atomic wroight, 20.20) . The unexpected 
result of this experiment w’as that at the spot of the photographic plate 
computed for the atomic weight 20.20 no trace of a ray show’ed up, thus 
indicating that such atoms, although apparently well know’n, do not exist 
at all. Instead there were revealed on the plate twro types of atom, un- 
known heretofore, with whole-number atomic weights, namely, 20.00 and 
22.00. (See the mass spectrum of Fig. 8.10, taken by the pai'abola method; 
it even show's a faint trace of the very rare Ne 21.00.) Their intensities 
are obser\rod as 9 for the ray 20.00 and 1 for the ray 22.00. Thus the 
average atomic wroight results as (9 X 20 00 -b 1 X 22 00) /lO = 20.20, just 
the w’eU-knowTi value of the ‘‘chemical atomic weight*’ of neon. This ob- 
sen'ation leads to the conclusion that neon gas is a mixture of twro kiTiHg 
of atom with different masses that cannot be distinguished by their 
chemical and spectroscopic properties Hence to both types of atom We 
must attnbute the same nuclear charge, i.e , the same position in the 
periodic table of elements Aston gave to these different tj^pes of atom 
of the same element the name “isotopes” meaning atoms having the same 
position in the periodic table. 

When applying the same analysis to other elements, Aston found the 
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game result over and over again. For example, chlorine (atomic weight 
35.-16J consists of the isotopes 35.00 and 37.00 in such a proportion that 
their average is 35.46. Figure 20.3 shows the more complex mass spectra 
of tin and xenon. The general law, called the whole-number rule, states 
that each chemical atonnc weight that deviates from a whole number is due 
to a mixture of isotopes, eaxh of them with a wholemumher atomic weight 
Only hydrogen noticeably deviates from this rule ; its atomic weight = 1.008 
is due to the indmdual hydrogen atoms (see Sec 20.5). 

Aston’s discovery is of such fundamental importance that it necessitates 
a new defimtion of an element. We now define elements and isotopes ad 
follows: Elements are the ultimate constituents beyond which matter can- 
not be analyzed by chemical processes (or 
can be analyzed only to a very small extent). 
Isotopes are the ultimate particles into which 
elements can be analyzed by the determina- 
tion of e/jLt for charged particles, as in the 
mass spectrograph Analysis by the 
spectrograph shows that atoms of the Harna 
element may differ by their nuclear masses, 
although they have the same nuclear charge However, atoms of the Rfl.Tnfr 
isotope have the nuclear charge and mass in common. 

It had been known for a long time that many elements have whole- 
number atomic weights, when that of oxygen is defined as 16.0000. Ex- 
amples are hehum (4.00), fluorine (19.00), and sodium (23.00). These 
elements are not analyzed into several isotopes (except possibly into one 
isotope of major abundance and one or several very rare isotopes). In some 
cases the same integer serves as atomic weight for several elements For 
example, the atomic weight 40 is found among the isotopes of argon, cal- 
cium, and potassium. Such atoms of the same atomic weight but different 
atomic numbers are called “isobars.” 

The discovery of isotopes makes it evident that the chemical atomic 
vreight of an element is not the property of individual atoms but repre- 
sents an average. This makes less objectionable the chemist’s rearrange- 
ment, in the periodic table, of certain pairs of atoms in a way later sup- 
ported by the Moseley diagram (Secs. 2.2 and 19 2a). Some justification 
can be found in the consideration that the relative abundances of the 
various isotopes, e p , of argon and potassium, are determined by vagudy 
known nuclear processes (see Sec 23.3b). 

20.3. Structure of Matter. As early as 1815, Prout had noticed that 
the atomic weights show a marked preference for whole-number valuffi. 
He had suggested the important conclusion that the atoms of all elements 
are built of the same fundamental particle, presumably the lightest atom, 
hydrogen, with the atomic weight 1. Thus carbon would contain 12 of 
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the^e particles, nitrogen 14, oxygen 16, etc. This hj'pothesis became un- 
tenable as more accurate values of the atomic weights became known, 
and many deviations from the simple inile were found. Aston's discovery 
renvea the w'hole-numbcr rule and so gives striking evidence in favor of 
the hypothesis that all matter is constituted of one or a few fundamental 
particles. The great progress due to this idea is evident when we compare 
it with the older idea of tlie nature of matter. In chemistry, the mfinite 
variety of all substances is analyzed into elements. Here we assume 9G 
different types of atom The discovery of isotopes seems to complicate 
our picture greatly because so many elements, in turn, are analyzed into 
different tjiies of atom, the isotopes No\v we seem to have several 
hundred different types of atom. The great simplification, finally, comes 
in tlirough the whole-number rule, which indicates one or a few funda- 
mental particles as building blocks of all matter. 

TNliat is the fundamental particle^ The obvious guess attributing this 
role to the hydrogen atom leads into a difficulty since the atomic weight 
of hydrogen is the one that noticeably violates the whole-number rule by 
its value 1 008. Hence 4 hj^drogen atoms are heavier than 1 helium atom 
(atomic weight, 4 00). This deviation is reconciled with the idea that 
1 helium atom is constituted of 4 hydrogen atoms by invoking Einstein’s 
pnnciple of the equivalence of mass and energy (Sec. 8.4). We applied 
this principle first to an interpretation of the discover^’ that electrons of 
very high kinetic energy show an mcroase of mass Next, tentatively, we 
applied the same principle to various problems. In Prob. 9.9 we argued 
that we must expend energj' in order to separate a hydrogen molecule 
into its tw'o constituent atoms. Hence the pair of atoms represents energy 
stored and should be heavier than the molecule. It is true that the nu- 
merical computation led to a result far below the accuracy of the best 
measurement. Here we are confronted wfith a smular case as 4 hydrogen 
atoms are heavier than 1 helium atom. We may assume that 1 helium 
atom can be taken apart into 4 hydrogen atoms. But here, different from 
the dissociation of molecules, the change of nuclear stmeture which takes 
place reqiures energy of an entirely different order of magnitude This 
explams why in the atomic weights of hehum and hydrogen the deviation 
from the factor 4 is easily noticeable. 

Acceptmg this hypothesis, we compute the energy spent in the disin- 
tegration of one helium nucleus. (In Probs. 9 10 and 9 11, as a good 
approximation, we computed the energy relation between helium and hy- 
drogen considering neutral atoms ) Since the helium nucleus has only half 
the charge supplied by 4 protons (Secs 14.2 and 15.6), we cannot expect 
4 protons to form a helium nucleus The discovery of the neutron (see 
Sec 22 2) led to the assumption that aU composite nuclei are constituted 
of protons and neutrons; e.g., the helium nucleus consists of 2 protons and 
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2 neutrons With the accurate values of the atomic weights of the neutron 
hydi'Ogen, and helium, reported in Sec. 22.2c and in Appendix 5, the energy 
spent in the separation of a helium nucleus into 2 protons and 2 neutrons 
results to 28,2 X lO" ev (not very different from the approximate result 
obtained for neutral atoms) This is nearly seven million tunes the energy 
of dissociation of the hydrogen molecule H 2 . 

It is not claimed that this argument represents an experimental con- 
firmation of Einstem’s principle That would be the case only if we were 
able to perform an independent measurement of the energy predicted bv 
the prmciple. Later, discussing nuclear reactions, we shall find process^ 
in which all ^ergies are accessible to measurement. They will proride 
a test of the principle (Sec. 22.7). It is a fascinating idea that the same 
vast amount of energy is gained in the combination of 4 hydrogen atoms 
forming 1 hehum atom. It has been computed that the energy gamed, 
if we should so combme all hydrogen atoms contained in a glass of water, 
would be sufficient to drive a transatlantic liner across the ocean (see 
Prob. 9.11) But it must be remembered that this result is based solely 
on atomic weights and their interpretation on the basis of Einstein’s prin- 
ciple. There is no laboratory experiment known in which the combina- 
tion of all hydrogen contamed in a glass of water is actually performed or 
which would at least show some promise that it can be performed prao- 
ticaUy. We shall come back to this process in the chapter on energy 
production in nuclear reactions (Sec. 23.3). 

Studymg nuclear reactions (Chap. 22), we shall find that, within nuclear 
physics, the energy of separation of helium represents a very high value. 
This indicates a very high stability of the helium nucleus, (We are famdiar 
with the idea that the stability of a structure is expressed by the energj' 
required to brealc it up. Sec. 18.3.) This stabihty, here derived from the 
atomic weights, is confirmed by other observations In the chapter on 
the scattering of alpha particles (Sec. 14.1), we argued that they are iden- 
tical with helium nuclei. They are projectiles that are able to break up 
other nuclei, but no observation is known in which an alpha particle itself . 
goes to pieces. It is a curious coincidence that helium has the most stable 
dectronic structure (Sec. 18.3) as well as the most stable nuclear structuK 
of all elements. 

The conventional notation gives both, the mass number as a siiperscrif 
after the chemical symbol and the atomic number as a subacript before thh 
symbol. For example, the two isotopes of neon are written ioNe“ ainl 
ioNe“. This notation makes it evident that 4 protons iH^ have the same 
mass but twice the charge of a hehum nucleus 2 He^. There is no such 
difficulty in the relation between helium and some heavier elements 
Two helium nuclei 2 He^ form the beryllium isotopes iBe®, three of them font 
carbon four of them oxygen sO^, five of them the neon isotope wNe* 
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Although in the chapter on Isotopes we apply Einstein’s principle only 
to the mass defects, i.r., to small quantities of the order of a few thou- 
sandths of a proton mass, a convenient standard is obtained by computing 
tlie atomic mass unit,” i.c , the energy equivalent of the mass belonging 
to a unit atomic weight (see Prob. 20 5) The result is 931 Mev. How- 
ever, the application of this unit does not imply that the exchange between 
mass and energy has ever been obser\'ed m such large quantities. Mtlhon 
electron roll, abbreviated Mev, is the conventional energy unit in nuclear 
physics It IS applied as w'ell to the energies of charged particles ac- 
celerated by high voltage as to any other energy, e,g,, of quanta or nuclear 
reactions 

Po&itive-ray analysis may impress the student, to begin with, as a 
remote field of physics without any general interest just indicating the 
nature of the rays as consisting of charged atoms and molecules. Here 
the great importance of this field becomes manifest. Positive rays give 
us a more profound understanding of the nature of matter by revealing 
the fact that the great variety of the different elements Imowm in chem- 
istry^ are actually built of one or a few building blocks. Moreover, the 
example of hydrogen and helium shows that positive-ray analysis, in- 
terpreted by Einstein’s principle of the equivalence of mass and energy, 
gives evidence of the relative energies of nuclei. When accepting Einstein’s 
prmciple, we discard the principle of conservation of mass w'hich through 
centuries had been accepted as one of the cornerstones of physics and 
chemistry We applied Einstein’s principle only to the slight excess beyond 
unity evident in the atomic weight of hydrogen. One may go a step 
farther and assume that all matter is an accumulation of energy. Then 
the principle of conservation of energy fully replaces the two old prin- 
ciples, w'hich seemed to be independent: that of mass and that of energy. 
No exception has been found, hovrever, to the principle of conservation of 
electric charge. 

20.4. Deviations from the Whole-number Rule. The whole-number 
rule is the outcome of the high technical development of the mass spectro- 
graph The further development of this instrument enabled Aston to 
measure the relative iveights of isotopes wnth still higher accuracy. In 
this way he discovered that all isotopes deviate from the rule by noticeable 
amounts Because of the great significance of these deviations as indicat- 
ing nuclear energies, many of them, in particular those of the light ele- 
ments, have been determined with a special mass spectrograph of high 
precision designed by Bainbridge. We shall mainly apply his numerical 
results 

Figure 20 4 demonstrates the accuracy of Bainbridge’s results The 
0 atom and the CH 4 molecule, although differing in their atomic weights 
only in the higher decimal places, appear widely separated. The same is 
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true for the oi-dinary hydrogen molecule and the heavy hydrogen atom, 
which we shall discuss m the next section Definmg the atomic weight 
of oxygen 0 = 16.00000 the atomic weight of helium becomes He = 4.00216 
Whoever has tned to improve the accuracy of a measurement will apptgl 
date this success leading to three more sigmficant figures. The accuracy 
IS so high that one must take into account the fact that the positive-ray 
method furnishes the atonuo weight of a charged atom like He+ which is 
less than the atomic weight of the neutral atom by the contribution of 
1 electron, i e , 0.00554. 

How we find that the mass of 4 hehum atoms (4He = 16.00864) exceeds 
the mass of 1 oxygen atom (0 = 16.00000). Each one of the two systems 

0^® CH} ' D^h} 
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Fig. 20.4. Mass spectrum. The molecule CHi and the atom 0 have both the gnmo 
mass number 16, the light hydrogen molecule and the deutenum atom have both the 
same mass numbei 2. The mass defects are evident (Comtesy of K T Bainhridqe\ 

has 8 external electrons Therefore, the larger mass of the four heliums 
must be attributed to their nuclei, not to external electrons Consistently, 
we explam it by the same idea by which we correlated 1 hehum and 4 hy- 
drogens, f.c., the equivalence of mass and energy The correspondmg 
computation leads to the result that an energy of 8 04 Mev is required 
to separate an oxygen nucleus into 4 helium nuclei. 

Aston applied his analysis to all elements accessible to his method All 
show deviations from the whole-number rule. So here is the strange situa- 
tion of a vast array of atomic weights, stretchmg from 1 to 242, all figures 
very nearly bemg whole numbers, but all deviating from whole numbera 
in the third and higher decimal places The number before the decimal 
point, indicating the multiple of fundamental buildmg blocks, was called 
by Aston the ‘‘mass number” a (o = 4 for helium). The deviation from 
the whole number, tw — a, is called the “mass defect” (m = atomic weight, 
for helium 4 00216) He plotted the quotient (m — a) /a, called the “pack- 
ing fraction,” against the mass number a. His results are given in the 
curve of Fig. 20 5, which shows no trace of penodicity as should be ex- 
pected since we attributed the periodicity of the table of elements to the 
external electronic structure It is a stnlang fact that a smooth curve, 
although branching on the side of the light elements, represents all packing 
fractions In this respect the nuclei show a much simpler regularity thaa 
the-electronic structures. 
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Tlie zero value attributed to the packing fraction of oxygen has no 
physical significance since it is due to the arbitrary definition of its atomic 
weight as a whole number. Only the difference between the values be- 
longing to two elements has significance. This difference furnishes the 
energies spent or liberated by the various nuclear separations (This ap- 
plication of the curve will be demonstrated by Probs. 20 *4, 22.4 to 22.6, 
and 22 8} Our computation makes it evident that energy is liberated 
when four sHe* form gO^®, or two gO*® form ihS*®. In general the formation 
of a nucleus with a smaller packing fraction liberates energy. The same 



Fig 20.6 Packing-fraction, curve (4/fer Aston.) 

idea applies to the right wing of Aston’s curve There the situation is 
compheated by the fact that a heavy element, e.g.f the uranium isotope 
9 :U“®, cannot simply split mto two hghter elements like and saBa^^. 
Although their nuclear charges add up to 92, the sum of their mass num- 
bers, 222, is deficient as compared with the mass number 235 of U. We 
found a related difficulty in the relation between and 2 He^ (see Sec. 
20.3) Later we shall solve this difficulty by assuming neutral particles 
of the atomic weight 1, called “neutrons,” as essential building blocks of 
all atoms heavier than iH^ (Sec 22 2). 

Emstem’s principle of the equivalence of mass and energy predicts a 
certain change of packing fraction to occur in the emission of an alpha 
particle from radium. The radium atom contains energy stored up like 
a charged gim. Therefore, the radium atom should have a larger mass 
than the fragments into which it splits. Unfortunately the atomic weights 
of radium and the “daughter element” radon are not known with an 
accuracy sufficient to check the principle. 

Great practical interest is connected with the question: How can we 
gain energy? In other words, \vhich are the nuclear processes in which 
energy is liberated? The general answer is closely connected with the slope 
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of the cun^e of packing fractions. The high values of the left wing indicate 
that the lightest atoms as compared with their heavier neighbors contaia 
stored energy. Hence energy is liberated by the combination of the light 
atoms. On the other hand, the packing fractions increasing toward the 
right wing mdicate that the heavy atoms liberate energy when changing 
to lowei’-weight atoms, f.e., when disintegrating. This argument agrees 
with the well-known fact that the heaviest elements disintegrate spon- ' 
taneously (Chap. 21). We shall study an application of this curve when 
computing the energy liberated by uranium fission (Sec. 22.8, Prob 22,7). 

The deviations from the whole-number mle represent a case in which 
the painstaking exploration of the higher decimal place results in a great 
new discoveiy which is not anticipated in the less accurate figures. 

20.6. Abundances of Isotopes. The atomic weights of the chmml 
elements (with very few' exceptions) are as sharply reproducible as the 
accuracy of the measurements permits. Therefore, before the discovery 
of isotopes, they were considered to be fundamental constants Now we 
know»^ that an important factor determining a chemical atomic weight is 
the relative abundance of the isotopes which, by a refined technique, we 
may well alter The fundamental significance is now attributed to the 
atomic W'ei^ts of the individual isotopes, as discussed in Sec 20.4 It is 
a striking fact that, with few exceptions, for each element the relafe 
abundance of the isotopes is the same once and for all. As a matter of 
fact, the measurement of the relative abundance combined with the atomic 
weights of the isotopes provides a very accurate determination of the 
chemical atomic w'eight. The relative abundance is measured by the cu^ 
rents registered in the ionization chamber. Figure 20.6 shows the relative 
abundance of the mercury isotopes. 

Are the relative abundances so measured characteristic only for the 
earth? The little material that may serve to answer this question is de- 
rived from the investigation of meteorites, which presumably are members 
of the solar system, too They show the same relative abundances as the 
elements known in the laboratory. 

A striking exception to the rule is given by lead Figure 20.7a shows 
the isotopic constitution of “ordinary" lead, i.e., the lead found in many 
ores. Entirely different is the constitution of lead found associated with 
radioactive elements. As we shall see in the next chapter, these elements 
decompose in many steps w'hich end with lead as the stable product. 
Figure 20.76 shows the constitution of lead found at Katanga in the Belgian 
Congo, one of the rich sources of uranium and radium. Katanga lead 
show's a striking preeminence of the isotope 206 which has only a rather 
low abundance in ordinary lead We shall come back to this fact when 
discussing the radioactive senes (Sec. 21.4). We must conclude that, in 
the early geological period in which the minerals were formed, a cartain 
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Fiq. 20.6. Abundance of mercury iaotopes. {Comieay of A, 0, Nter.) 



Atomic Mass Units Atomic Mass Units 


(a) (6) 

Fig 20 7. Abundance of the isotopes of lead. {Courtesy of A, 0. Nier.) (a) Ordinary 
lead, (6) Katanga lead. 
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isotopic conslitution prevailed all over the whole material now accessible 
to our investigation. This constitution remained unchanged through the 
ages except for the few elements that are spontaneously disintegrating 
and so giving rise to the gradual formation of elements like Katanga lead 

In mau 3 ’ elements, in addition to the well-known isotopes, rare isotopes 
have been discovered. The most important example is the rare heavy 
isotope of hydi-ogen iH®, frequently called “deuterium”, its nucleus is 
called the “deuteron ” Its existence was inferred by a shght discrep- 
ancy between the values of the atomic weight of hydrogen determined by 
chemical methods and by the mass spectrograph. However, the mass 
spectograph used was not so sensitive that it showed the heavy isotope. 
Urey, Murphy, and Brickwedde (1932) went through a laborious pro- 
cedure intended to increase the concentration of the heavy isotope if pres- 
ent at all. They relied on the fact predicted by the theory that a light 
atom should evaporate more readily than a heavy atom. Hence they 
evaporated a large quantity of liquid hydrogen and searched the residue 
for heavy hydrogen. They investigated the Ime spectrum which, for the 
heavy isotope, should show all Balmer Imes slightly displaced to shorter 
wave lengths as predicted by Bohr’s theory of the relative motion of the 
nucleus (Sec. 15 66) Actually, the displaced lines appeared and proved 
the existence of a new isotope in the element hydrogen, which had seemed 
so thoroughly explored. Heavy hydrogen has a relative abundance of 
1/4,500. Its effect on the chemical atomic weight is small but just no- 
ticeable However, the striking deviation of the chemical atomic wei^t 
of hydrogen from unity (Sec. 20 3) is not due to the presence of deuterium 
but is a property of the most abundant isotope iH*-. 

Many other rare isotopes have been found. For example (abundance 
0.7 per cent) is responsible for the fact that the atomic weight of carbon 
12.01 slightly exceeds a whole number. Nitrogen has a rare isotope 
Oxygen has two rare isotopes, (0.04 per cent) and sO“ (0.20 per cent). 
This fact causes a curious ambiguity in the definition of our standard. 
The chemist attributes the atomic weight 16 0000 to the chemical element 
containing all thi'ee isotopes On the other hand, the mass spectroscopist 
attributes the value 16.00000 to the most abundant isotope, the only iso- 
tope recorded on most mass spectra Hence he attributes to the mixture 
the atomic weight 16.0044 (Prob. 20 6). For this reason the atomic weight® 
derived from mass spectra must be corrected in order to make them com- 
parable to those determined by chemical methods. For most purposes it 
is not necessary to take into account this correction. 

In this section we restrict ourselves to the consideration of the isotopes 
found in nature. In the chapter on the transmutation of elements ine 
shall study many new isotopes produced m the laboratory. We reported 
only the numerical values of the relative abundances. What process®!) 
‘»re responsible for determining these abundances remains a mystery. In 
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the .•'Cction on energy production m stars (Sec. 23.3) we shall find a partial 
answer to this question 

20.6. Separation of Isotopes. For manj’ purposes of research and practi- 
cal application (see See 20 8) a sepaiation of isotopes in larger quantities 
I-? desired It is true that the masb spectrograph provides a complete separa- 
tion: but it yields only small quantities This, at least, was considered to 
be a fact before the Second World War In the meantime, the rare 
uranium isotope 9 >T®“ (abundance 0 7 per cent) has lieen separated by 
the mass spectrograph m quantities not announced but sufficient to destroy 
a city. 

Fractional distillation of hydrogen has been mentioned as increasing the 
abundance of the heavy isotope m the residue. A complete separation of 
the neon isotopes has been accomplished b3’’ gaseous diffusion When a 
steady stream of mercury vapor is maintained m a glass tube and neon 
gas is diffusing agamst the stream, the lighter isotope passes at the higher 
rate because of the larger speed of its atoms (Sec. 3 2). In order to apply 
diffusion to the isotope separation of solid elements, gaseous compounds 
are formed, like UF# for the separation of the uranium isotopes (Sec. 23.1). 
Related to this method is the separation by the flow of gas through a porous 
clay pipe In order to explain this process, we go back to the weU-known 
determination of the density of a gas bj'' "effusion ” A veiy small hole 
is drilled through the wall of a glass bulb containing two gases. If the 
hole is small as compared to the mean free path, we predict the rate of 
escape of one or the othei gas by considering the molecular collisions with 
the wall. Any molecule that happens to hit the hole escapes. Light mole- 
cules, since endowed with higher speed than heavy ones [see Eq. (3.5)], 
hit the wall more frequently and so have a priority for escape Light 
hj'drogen will escape more readily than heavy hj'drogen. The residue 
vill show an increasing concentration of heavy hj’’drogen. 

The separation of hght and hea\"y hydrogen is comparativelj” easj' since 
the mass ratio of the two isotopes is as large as 2: 1. Even in nature the 
relative abundance of the two is not strictly constant, and their physical 
properties are noticeably different. For example, hea\y water, i e., water 
built of 2 hea'vy hydrogen atoms combined with 1 ordinary oxygen atom, 
has a meltmg point 3 8°C higher than ordinary water hluch more diffi- 
cult IS the isolation of the rare isotopes N'®, and O*® Their great 
importance will be discussed in Sec. 20 8. 

20.7. Nuclear Magnetic Moments. The magnetic moment of a nucleus 
is a property that gives important evidence concernmg its structure. As 
briefly mentioned in Sec. 16 Ic, the hj'perfine structure of spectral lines 
allows a rather indirect determination of some nuclear magnetic moments. 
Uiie maj^ predict that nuclear magnetic moments are of a much smaller 
order of magnitude than electronic magnetic moments since quantum theory 
postulates angular momenta m multiples of h '2ir, and the same value of 
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angular momentum would impart a much slower rotation to the relativelv 
large mass of a nucleus than to that of an electron. 

More direct methods for the measurement will be only briefly reported 
They are based on the fact that, in a stable molecule like hydrogen 
or water or paraffin, the electronic structure has no resulting magnetic 
moment since all moments of the individual electrons (orbital and spin 
moments) cancel each other. Hence only the nuclei are responsible for 
the resulting magnetic moments of the substances. As the simplest 
example, let us consider hydrogen. Suppose that hydrogen nuclei are sub- 
jected to an external, constant magnetic field H. Quantum theory pre- 
diets that each hydrogen nucleus, representing a tiny magnet (magnetic 
moment = M) has two quantized orientations, parallel or antiparaUel to 
this field (see Sec. 16.1c). These two positions differ by a certain energ}’ 
that is computed as the energy required to turn a magnetic needle of the 
moment M in the magnetic field H from the parallel into the antiparallel 
position. The computation (see Prob. 20.8) gives this energy as 2il/if. 
The nucleus may change its orientation between these two quantized 
values by emission or absorption of light. The frequency v of this light 
is computed from Bohr’s quantum condition as hv - 2MH, 

It is estimated that this frequency belongs to the radio-frequency range. 
Here the experimental problem of observing an absorption spectrum cannot 
be solved with the familiar technique (Sec. 17.5) since no spectrographs are 
available. Most of the accurate information that we now have on nuclear 
magnetic moments is due to Eabi and his collaborators (be ginnin g 1936) 
who used their elegant method of molecular beams. Omitting the descrip- 
tion of their experiment, we give an outline of the device recently used by 
Purcell, Torrey, and Pound (1945) and its application to the hydrogen 
nucleus. A small coil of wire, which is part of a resonance circuit (fre- 
quency 29.8 X 10® cycles/sec) surrounds the sample to be tested, e.g,, 
paraffin which provides a great density of hydrogen atoms. (It turns out 
that the carbon atoms contained in the paraffin are ineffective.) Thus the 
hydrogen nuclei are subjected to alternating magnetic fields of the high 
frequency just given. This coil is put into a constant magnetic field H 
which, as e.xplained, imparts quantized orientations and thus a charac- 
teristic frequency v to the nuclei. If this frequency coincides with the 
high frequency of the circuit, the nuclei absorb energy. This explains 
the observation which shows that, at a special value of the constant field, 
in this case H = 7,000 oersteds, the material in the coil affects the phase 
and amplitude of the high-frequency current. For these values of frequency 
and magnetic field the above equation yields a value for the magnetic 
moment of the proton as 


M “ 1.406 X 10”^ erg/oersted 



Sec. 20.8] 


ISOTOPES 


227 


As expected, this value is of a smaller order of magnitude than Bohr’s 
magneton (Sec. 15.5/j. For nuclear magnetic moments, the conventional 
unit is the '‘nuclear magneton,” defined as Bohr’s magneton multiplied 
tjy the mass ratio of electron and proton. In this unit the magnetic 
moment of the proton is 2.79. The new method described here is applied 
to the precise measurement of the magnetic moments of many nuclei. 
The resulting values are characteristic for the individual isotopes of an 
element; c.^., protons and deuterons have different magnetic moments. 

20.8. Applications. Rare isotopes find important applications as “trac- 
ers” in physical, chemical, and biological research. This will be illus- 
trated by an example. Suppose we want to trace the distribution in the 
animal body of a certain protein, occurring in the food. This protein 
is prepared with carbon that contains an artificial extra abundance of the 
heavy isotope and the food containing this protein is fed to mice. 
After a certain time, the mice are killed and the carbon, extracted from 
the various organs, is analyzed in the mass spectrograph. One or the other 
organ may show an extra high abundance of the hea\T isotope and so 
indicate that this organ is a preferred consumer of the protein under 
investigation. 

Here, as in all similar experiments, we rely on the fact that the various 
isotopes of one element show the same chemical properties since these are 
determined by the electronic structure, common to the isotopes, but not 
by the nuclear masses. Hydrogen represents the only case ir» which this 
assumption may be questioned since, in a reaction, the mass r’acio 2:1 of 
the isotopes may give a slight priority to one or the other isotope. The 
experiment discussed above gives only a special example of a highly de- 
veloped field, which makes the mass spectrograph indispensable in bio- 
logical and medical research. 

SUMMARY OF CHAPTER 20 

By positive-ray analysis, Aston (1921) discovered that neon (atomic 
weight, 20.20) does not contain indmdual atoms with the atomic weight 
20.20 but consists of a mixture of two types of atom with the whole-number 
atomic weights 20.00 and 22.00 and the relative abundance 9 and 1. This 
gives the average atomic weight 20.20 in agreement with the well-estab- 
lished chemical value. In general, any element with an atomic weight 
deviating from a whole number is analyzed into several types of atom, 
each of whole-number atomic weight. They are called “isotopes.” A 
slight exception is given by hydrogen whose atomic weight 1.008 belongs 
to the individual atoms. Isotopes of the same element have the same 
nuclear charge, the same chemical and spectroscopic properties (with minor 
exceptions), but different nuclear masses. 
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This discoveiy renves Prout’s hypothesis stating that all atoms are 
built of one or a few fundamental particles, the outstanding particle pre- 
sumably being the hydrogen atom. Its slight deviation from the whole- 
number rule is inteipreted on the basis of Einstein’s principle of the 
equivalence of mass and energy. It is assumed that a large amount of 
energy is required to split 1 helium atom into 4 hydrogen atoms and that 
this energy stored in the hydrogen atoms makes them appear heavier. 
The energy of separation of the helium atom so computed is about seven 
million times the energy of dissociation of a hydrogen molecule. In this 
computation all atoms are assumed to be neutral. However, 4 protons 
cannot simply form a helium nucleus since they possess two times the re- 
quired charge. Therefore, one must assume that the helium nucleus con- 
tains 2 protons and 2 neutrons. 

A further improvement of the technique results in atomic weights given 
by six significant figures. In most atomic weights the third figure after 
the point shows a deviation from the whole-number rule. Aston plotted 
the packing fraction {m — a) /a (a = atomic weight; m = mass number 
= nearest whole number to the atomic weight) against the atomic weight a. 
Thus he found a simple curve without a trace of the periodicity evident 
in chemistrj’ and spectroscopy. From the data given by Aston’s cur\'e 
energies of separation {e.g., 0 — » 4He) can be computed. The curve gives 
evidence of the instability of elements, the lightest elements tending to 
combine, the heaviest elements tending to disintegrate with energy lib- 
erated b 3 ’' both processes. The conventional notation gives the atomic 
number and the mass number as, for example, aHe^. 

The elements have well-defined chemical atomic weights. This fact indi- 
cates that the relative abundances of the isotopes are once and for all the 
same. A notable exception is given by lead found in uranium minerals, 
presumably present as the end product of radioactive decay. 

Many elements have rare isotopes. E.xamples are iH®, eG'®, tN*®, sO*^, gO”. 
Here only stable isotopes are considered, not the radioactive isotopes to 
be discussed in Chap. 22. 

The isotopes of an element may be partly or wholly separated. Rare 
isotopes are valuable as tracers in physical, chemical, and biological 
research. 

Nuclear magnetic moments are measured by subjecting a substance 
that has no resulting electronic magnetic moment to an external magnetic 
field. This causes quantized orientations of the nuclei, which differ by 
sharplj’ defined energies. Transitions between such quantized states are 
produced by quanta of the coiTesponding energy, i.e., by radiation of the 
radio-frequency range. 
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PROBLEMS 

20.1. Mas$ spectrograph. In Dempster’s mass spectrograph an ion beam is bent into 
a circle of 5.(M)-c*m radius by a magnetic field of 3,840 oersteds. Wliat voltages must be 
applied to accelerate the follo\nng types of singly charged ion to such a velocity that 
they are recorded? (a) aLi®; (6) aLi* ; (c) igK®'; (d) See Appendix 5. 

20.2. Mass spectrograph. In Dempster’s mass spectrograph (Fig. 20.2) ions belonging 
to an impurity are accelerated by a potential difference of 772 volts and, after pas.sing 
the slit, bent by a magnetic field H = 3,840 oersteds into a half circle of 5.00-cm radius. 
What is the nature of these ions? Assume singly charged ions. 

20.3. Resolving power. In one of Dempster’s mass spectrographs, (Fig. 20.2) positive 
ions, after being accelerated by an electric field, are bent by a magnetic field of 3,840 oer- 
steds into a half circle of 5-em radius. Discuss the resolving pov\'er of this instrument on 
the following basis: Suppose that the fii-st slit is 0.5 mm wide and that each positive ray, 
when incident on the second slit, has the same T^ndth. Furthermore, suppose that, at 
the place of the second slit, Dempster is able to resolve rays that do not overlap and 
even are separated. This means tliat some “darkness” exists between such rays. For 
this to occur, they must be more than 0.5 mm apart (measured from the middle of one 
ray to the middle of the other). Can he resolve lithium isotopes (mass numbers, 6 and 
7)? Can he resolve mercury isotopes (mass numbers, 200 and 201)? 

Hixt: For given values of voltage and magnetic field, two adjacent rays belong to 
two adjacent isotopes. Both rays emerge from the same (the first) slit. They are 
separated after passing through one-half circle because their masses differ. When they 
come near the second slit, they are assumed to have a \ndth of 0.5 mm each. Assume 
that one ray (e.g.^ Li®) just hits the second slit (2r =« 10 cm, to be computed). Where 
does the ray that belongs to the other isotope hit the plate into wliich the slit is cut? 
If, for the same voltage, darkness exists between the two rays, these two isotopes can 
be resolved. 

20.4 Nuclear energy. How much energy in Mev is liberated when (a) three form 
gC*": ib) four 2 He^ form ^0^®; (c) aHe^ and eC^ form sO^? The answer to (c) serves as a 
check for the answers to {a) and (6). 

20.5. A standard energy equivalent. Compute the energy equivalent of the mass of 
unit atomic weight. 

20.6. Energy equivalent of 1 kg. Suppose that the total ynass of 1 kg is transformed into 
energ}\ How large is this energy^ (in kwhr)? The answer about equals the energy 
produced by all electric poorer plants of the United States (as of 1939) running for 2 
months (H. D. Smyth). 

20.7. Scale of atomic weights. Compute the atomic weight of natural oxygen (abun- 
dance of isotopes, see Appendix 5) in the “physical scale” in which the atomic weight 
of the most abundant isotope is defined as exactly 16. 

20.8. irorA' required to turn a magnet. A magnetic needle is turned in a magnetic field 
starting from its stable position (parallel to the field) into the opposite position. By 
integration, compute the work required in terms of the field strength H, the pole strength 
in, and length I of the needle. 

Hint: Obtain the expression for AW — work required to turn the needle by the small 
angle Aa. Take a as the variable of integration and integrate, (ml is called the “mag- 
netic moment” M of the needle.) 



CHAPTER 21 


NATURAL TRANSMUTATION AND 
RADIOACTIVITY 


Natural radioactivity was discovered more than had a century ago by 
A. H. Becquerel. This discovery, together -with those of X rays and d 
free electrons, marks a turning point in the history of atomic physics. 
Two difficulties retarded the exploration of this new field: (1) Only ex- 
ceedingly weak samples of active material were available at the beghming. 
(2) Since radioactivity was completely foreign and even contradictory to 
all that was known of physics and chemistry, there was no theory what- 
ever to guide the exploration; it developed only gradually, guided by the 
experiments. Although historically these great difficulties made the prog- 
ress de\ious, we can well go through arguments more straightforward than 
those of history since w’e have grams of radium as well as the theory of 
the nuclear atom at our disposal. 

21.1, Discovery and Fundamental Properties. The discovery of X rays 
(1895) suggested a relation between visible fluorescence and emission of 
X rays which are both emanating from the glass wall of Roentgen’s dis- 
charge tube. As Becquerel (1896) explored such a relation using uranium 
salts, he found a new penetrating radiation that is permanently given off 
by uranium minerals. Against any expectation, this radiation is inde- 
pendent of any treatment of the mineral with light, X rays, cathode rays, 
or any other supply of energy. 

The uranium minerals xvere then subjected to a painstaking chemical 
analysis by Pierre and Marie Curie. Many kinds of chemical separation 
were applied. After each separation, the products were tested, the inactive 
part discarded, and the active part further analyzed. The result was that 
there are several active elements, prominent among them being one asso- 
ciated with barium and thus recognized as an alkaline earth. By fractional 
crj'stallization the inactive barium was gradually removed. The progres 
of the purification was tested by two criteria: the appearance of an atomic 
spectrum hitherto unknowm and, more conclusive, the increase of the ac- 
tbity of the sample. We continue with the wwds of Mme. Curie: 

After a long effort I succeeded in obtaining radium as a pure salt in a quantily 
sufficient for the determination of the atomic weight. So I assigned to it its place 
in the periodic table of elements. 


230 



NATURAL RADIOACTIVITY 


231 


5ec. S ! . i i 

The atomic number, 88, of radium, found by ilme. Curie was later con- 
firmed by its X-ray spectrum. Soon thereafter it was found that many 
other heavy elements show more or less strongly a similar activity. Ra- 
dium is conspicuous by the strength of this new effect. The outstanding 
effects produced by radioactive elements are as follows: 

1. They permanently emit radiations of various grades of penetrating 
power; each species (later we shall say each radioactive isotope) has its 
characteristic radiation. We have already studied alpha rays (Chap. 14). 
In the next section we shall find tw’o more types of ray, still more penetrat- 
ing than alpha rays. All these rays blacken photographic plates and ionize 
air. 

2. All radioactive elements are continually creating small quantities of 
new elements. An example is radium, which continually generates small 
quantities of helium and radon (abbreviated Rn), both rare gases. Helium, 
of course, is w^ell known chemicall3^ Radon, how’ever, is found only as a 
product of radium. It is chemically identified as a heavy rare gas. As 
such, it belongs to number 86 of the periodic table, preceding radium, which 
is an alkaline earth, by twn numbers. (No sufficient quantities of radon 
are available for producing a measurable X-ray spectrum and so identify- 
ing the new’ element.) 

3. A tube containing radium ahvays has a temperature slightly higher 
than the surroundings. 

The conclusion, unheard of at the time of the discover^’, is reached that 
w’e must assume a hidden source of energj’- to be responsible for the effects 
obseiwed. In order to judge this mysterious energy , we compare the de- 
composition of radium with, a chemical decomposition as follows: (1) WTiile 
the disintegration of radium into helium and radon goes on spontaneously 
all the time, nobody has ever succeeded in combining radon and helium 
and so producing radium in the same w’ay in w’hich any chemical molecule 
can be sjmthesized. (2) The disintegration is an intrinsic property of the 
radium atom and is entirely independent of anj’thing w’e can do to it like 
heating it or bombarding it with electrons or combining it chemicall3^ writh 
any other substance. (3) The energy content of radioactive rays, amount- 
ing to several jMev, contrasts with all known chemical energies that are 
only about one-millionth of this value. (4) In the disintegration process 
new elements are created. 

All these facts prove that the spontaneous disintegration of radium bears 
no relation to a chemical process. Radium is not the only element that 
show’s this activity. Many other heavy elements do the same to various 
extents. In particular, each radon atom, itself a product of a decomposi- 
tion, in turn decomposes w’ith the emission of another alpha particle and 
so creates more helium. 

The experimental facts described, w’hich are entirely different from any- 
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thing observed in other fields of physics and chemistry, force us to assume 
a process Avithin atoms hitherto unknown. We assume that radium, u 
well an other radioactive elements, has an mtriyidc probability, which ipe 
ca7inot affect at all, to disintegrate into other elements (Rutherford and Soddv, 
1902). In some elements this probability is so high that only minor con- 
centrations of the element can accumulate as in the case of radon. In 
other elements, as in radium itself, it is so low that, within days or a few 
years, the mass of the element does not appreciably decrease. 

The creation of new elements can occur onlv 
by a splitting of the nuc eus. Hence we must con- 
clude that in the radium nucleus, as in an e.\- 
plosive, energy is stored which, at the explosion, 
spontaneously breaks it up into a helium and a 
radon nucleus. Since the atomic numbers of 
radium, radon, and helium are 88, 86, and 2, re- 
spectively, we notice the conservation of the nih 
clear charge. The atomic weight of radon cannot 
be detemdned accurately, but we can predict it 
as the difference of those of radium and helium, 
i.e., 226 — 4 = 222. The energy exchange in the 
disintegrations of radioactive elements is of the 
order of several Mev. The corresponding change 
of mass may be computed on the basis of Ein- 
stein’s principle as pointed out in Sec. 20.4. The 
change of mass shows up only in the higher dec- 
imal places of the atomic weight and is by no 
means large enough to affect the mass number. 
In the next sections, we shall explore the three outstanding aspects of 
radioactivity; (1) the nature of the various rays emitted, (2) the rate at 
which they are emitted expressed by the half-life of the parent substance, 
and (3) the chemical transmutations caused by the emission of the rays, 
21-2. Radioactive Rays;, Methods of Observation- The nature of the 
radioactive rays is brought out in the experiment schematically repre- 
sented by Fig. 21.1. A pencil of radiation that is subjected to a mag- 
netic field perpendicular to ifs direction is separated into three rays. One 
of them is positively charged and only slightly deflected; this is the alpha 
ray discussed above. Another ray, called ‘‘beta” ray, is deflected in the 
opposite direction and so indicates a negative charge. Finally, the third 
type of ray called “gamma” ray is not deflected at all by electric or mag- 
netic fields; it has all the properties of a very hard X ray, in particular its 
very high penetrating power. Thus there exist two corpuscular rays and 
this additional ray which must be supposed to have a quantum structure 
like the X rays. Various devices, the most important ones based on the 
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Fig. 21.1. Schematic 
drawing showing the sep- 
aration of the three 
types of radioactive ray 
by a magnetic field de- 
flecting a bundle of rays 
that have passed through 
a lead diaphragm. 
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ionizai^ion of gases caused by these rays, have been built for their detailed 
investigation. AVe shall illustrate all these devices by the effects they show 
when alpha rays are used. Afterwards we shall describe the effects of beta 
and gamma rays. 

0 . Alpha Rays. We anticipated the discussion of alpha rays (Chap. 14) 
in order to have the background for Rutherford’s tlieory of the nuclear 
atom, which is based on observations of the scattering of alpha particles. 
Here we summarize their properties. 

It is observed that alpha particles accumulating in a glass tube represent 
helium gas. We conclude that the alpha particle is essentially identical 
with a helium atom; hence its mass is ii = 6.64 X 10~-^ g. We assume 
that the charged particle when traversing matter gradually is losing its 
kinetic energy and may pick up the electrons needed for its neutralization 
so that finally it represents an atom of helium that does not show an}’' 
sjTnptom of its origin. 

It is observed that the alpha particle is positively charged and has a 
specific charge e /x = 4.82 X 10^ emu g. Combining this figure with the 
preceding result, we conclude that its absolute charge is e = 3.20 X lO"”-'' emu. 
As this is tmee the electronic charge, we further conclude that alpha par- 
ticles are identical with doubly positively charged helium ions. 

It is observed that alpha paiiicles penetrate gold foil, 2,000 atoms thick. 
We conclude that gold and other matter have their mass concentrated in 
very small nuclei and that the alpha particle itself is a very small pro- 
jectile, presumably a helium nucleus. 

For many years the outstanding method of obseiving and counting alpha 
particles has been the laborious observation of scintillations on a fluo- 
rescent screen, Rutherford made some of his greatest discoveries by count- 
ing scintillations. Now we ask: Does each incident alpha particle produce 
an observable scintillation? This question is answered by combining two 
measurements as follows: Using the same alpha ray, the scintillations 
per second are counted and, independently, the number of particles arriv- 
ing is measured by the total charge they convey to an insulated condenser 
plate. Both measurements lead to the same figure. Thus their combina- 
tion proves that each alpha particle produces an observable scintillation. 

Another outstanding property of alpha rays is their limited range. A 
radium sample that produces ample scintillations when close to the screen, 
becomes ineffective beyond a well-defined distance. The range of alpha 
rays so determined is a characteristic property of the emitting atom: e.g., 
in 1 atm of air the range of alpha rays from radium is 3.39 cm. 

In most devices we use the ionization of air in order to explore the radia- 
tion. The simplest apparatus is the ionization chamber, a closed chamber 
containing a charged condenser connected to an electroscope. For the ob- 
servation of alpha rays the radioactive sample is placed inside the chamber 
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or in front of a very thin nindow. It is easy to measure the over-aU efpp 
by the decay of the chaise on the electroscope. The ionization due to one 
itidividual particle can be measured in a similar device if the short buK 
of electric current, due to the effect of the particle, is amplified. This per- 
mits the counting as well as the differentiation between more or less hear; 

bursts of ionization and is of great value 
for distinguishing the various particles. 

A very useful device, simple enou^ for 
students to use though highly developed 
for research purposes, is the Geiger cour^r 
(1908). In this counter an electric die- 
charge through air or another gas at atmos- 
pheric pressure or, in most cases, at a low 
pressure is used. A simple construction p 
shown in Fig. 21.2. The discharge takes 
place between a plate through which a 
small hole (a few millimeters in diameter) is drilled, and a pointed nite 
which is placed with its point opposite the hole. A self-maintained dis- 
charge between the wire and the plate requires for its start a minimum 
potential, say, of 2,000 volts. The potential applied is kept a little belov 
this threshold so that ordinarily no current is flowing. Only when an alpha 
particle shoots through the air between the wire and the plate does the 
ionization start the discharge, which lasts for only a very short time since 
the voltage drop in the high series resistance causes so great a loss of po- 
tential difference between plate and ■wire that the discharge goes out auto- 
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Fig. 21.2. Geiger point counter; 
discharge in air between point and 
plate. 
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Fig. 21.3. Geiger-Mliller counter; schematic diagram. Low-pressure discharge be- 
tween a \\ire and a coaxial metal cylinder. 


matically and the device is ready to receive the next alpha particle. Each 
burst of electric current shows up, e.gr., in a string galvanometer. More 
conveniently it is amplified and operates either a loud-speaker or a mechaa- 
ical counting device. Thus the counting of alpha particles, which by the 
scintillation method is fatiguing work, is wholly mechanized. The “poinr 
counter’* here described serves for alpha or beta rays which, with special 
devices, may be distinguished from one another. The range of alpha 
particles can be demonstrated. 

A more reliable device is the Geiger-Miiller counter (Fig. 21.3; 1928). It 
consists of an electric discharge tube with a thin axial we as the cathode 
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Mild a t'oncentric metal cylinder as the anode; the tube is filled with air 
or arguii or alcohol vapor of several centimeters pressure. The electrical 
connections are essentially the same as in Fig. 21.2.* The much larger 
aeiifritive ^'olume is the outstanding advantage of the Geiger-iMuller counter 
over the point counter. Although constructed for the counting of gamma 
rays, it counts beta and even alpha rays equally well if provided with a 
sufficiently thin window. ]\Iodem improvements of the counters have 
led to electric circuits of great complexity, all planned to increase the 
maximum rate at which the counter may seiwe. For this purpose, first, 
the duration of each burst of electric current must be reduced. Next, 
since the mechanical recorder has some unavoidable inertia, an intermediate 
circuit is built that has the function of feeding only each second burst into 
the recorder. By combination of two or more such devices one can have 
the recorder show only one response, say, for each 64 particles incident 
on the counter tube. This makes possible the recording of thousands of 
counts per second. Another development, the combination of several 
counters to “coincidence counting,” will be discussed in the section on 
annihilation (Sec. 22.5) and applied to cosmic ray investigations (Chap. 24). 

The author assumes that, at the present stage of the discussion, the 
reader needs no further experimental proof of the atomic structure of mat- 
ter and the consistency of our argument. However, one piece of additional 
endence must be discussed since alpha ra 3 'S permit the determination of 
Avogadro’s number by the most direct method imaginable, i.e., the direct 
counting of the atoms contained in 1 gram atom of helium. Using a small 
mass of radium we count the alpha raj^s emitted per second. (We observe 
the rays emitted into a small solid angle and compute the total number.) 
On this basis we compute the number emitted per year from 1 g of radium. 
Each alpha particle counted represents 1 atom of the helium gas slowly 
emanating from the radium. In addition the total volume of the helium 
emanating from 1 g of radium in 1 year is measured. Thus we compute 
the number of helium atoms per cubic centimeter and, since the atomic 
weight is knoum, the number of atoms in 1 gram atom, which is Avo- 
gadro's number. For the numerical values see Prob. 21.1. The result 
agrees with the results of other determinations within the limit of experi- 
mental error. 

The Wilson cloud chamber (C. T. R. Wilson, 1911) is another device 
utilizing the ionization of air. It supplies surprisingly detailed information 
of a different kind. It is a familiar view^ that, on a perfectly clear day, a 
light cloud hangs around the top of a high mountain. The condensation 
of w'ater is explained as follow^s. Air is lifted by the wdnd as it approaches 
the slope of the mountain. Thus the air expands and also cools since it does 

■^For technical circuits see J. Strong, ‘‘Procedures in Experimental Physics,” 
Prentice-Hall, Inc., New’ York, 1938. 
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mechanical work in the process of expansion. If, before the expansion, 
the content of water vapor is slightlj?- below saturation it may happen that 
after the expansion and cooling, the saturation limit is passed and con- 
densation takes place. This is made evident by the cloud. Similar is tie 
process going on in Wilson's cloud chamber. Figure 21.4 shows a simple 
chamber. A glass cylinder is closed on one side by a glass plate, on the 
other by a piston. The cylinder contains air and a few drops of liquid 
water, which readil}^ provides water vapor at the saturation pressure. To 
begin with, the piston is pushed in, compressing the air. A short time is 

allowed to provide saturation of 
water vapor. Next, by the release 
of the piston, a sudden expansion 
of the air in the chamber is pro- 
duced. The corresponding cooling 
brings the water vapor, mixed witl 
the air, beyond the saturation 
point so that condensation of water 
follows and is seen as cloud forma- 
tion. 

It is known that condensation 
occurs with preference on dust 
particles and on ionized molecules. 
At the first expansions, the mel- 
table dust present in air causes a cloud to form all over the chamber. This is 
easily swept out by an electric field since the dust particles and the little 
water droplets carry electric charges. (The electrodes needed for sweeping 
are not shown in the figure.) Now the chamber is ready for the main ex- 
periment. TVTien a weak radioactive sample carried by a metal wire is 
introduced, the cloud formed after the expansion sticks to the ionized air 
molecules and so indicates the path of the alpha particles (Fig. 21.5). 
Although these clouds drift away very soon, the paths of the particles 
can for a moment be clearly seen or photographed. Striking is the straight 
character of each ray, its well-defined end, and the uniform length of all 
rays called their “range.” The range of the alpha ray is characteristic 
for the emitting atom. In the figure the rays from two radioactive ele- 
ments, each with its characteristic range, are superimposed. This direct 
observ'ation of the range confirms what we mentioned above as a result of 
the study of scintillations. 

We want to correlate the observation of tracks by the cloud chamber 
with Rutherford’s theory of the scattering of alpha particles. Rutherford 
and his coworkers investigated the scattering by the simple technique of 
coimting scintillations (Chap. 14). He explained the high penetrating 
power of the rays by the hypothesis of the nuclear atom. This leads to 



Holder of 
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Fig. 21.4. Wilson cloud chamber. The 
space above the piston contains air satu- 
rated with the vapor of water or alcohol. 
Electrodes for the electric field sweeping out 
the ions are not shown. 
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the assumption of two different types of collision process suffered by alpha 
pai-ricles when passing, for example, through gold foil. We distinguished 
them oa the basis of the laws of mechanics. The alpha particle bounces 
oil wlieii colliding with a nucleus since this is much heavier than the alpha 
particle. However, the particle continues in a straight path when colliding 
with an electron and throws this light body out of the way. These two 
types of collision are beautifully demonstrated by cloud chamber pictures. 



Fig. 21.5. Cloud-chamber photograph of alpha rays from thorium C and C'. Each 
group has its characteristic range. (Courtesy of C. T, R. Wilson.) 

Figure 21.5 shows a group of alpha rays, all shooting in straight lines. 
Each water droplet of the apparently continuous track indicates one col- 
lision of the alpha particle uith an electron. That is one ionization process. 
This is so common an event that the high density of the droplets gives 
the impression of a continuous cloud in the shape of the track. Figure 21.6 
shows the rare collisions of alpha particles icith nuclei. In the cloud 
chamber, in contrast to the case of the gold foil, the atoms of the gas are 
not necessarily heavier than the alpha particle. Figure 21.6a shows the 
.scattering in helium, i.e., by nuclei of masses equal to those of the particles. 
The two tracks so produced, that of the original alpha particle deflected 
by the collision and that of the ‘‘recoil nucleus,” are both well defined. 
In gases heavier than helium, like oxygen (Fig. 21.65), the track of the 
recoil nucleus is very short as would be expected since the alpha particle 
keeps most of its energy because of its smaller mass. 

We must study in detail all the information we can derive from the 
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tracks obser\-ed in a cloud chamber because in artificial transmutation 
(Chap. 22) a greater variety of particles are being generated and identifi^ 
by their cloud chamber tracks and, moreover, reveal their kinetic energm 
by these tracks. Figure 21.6 shows that fast nuclei of various kinds are 
produced by the impacts of alpha particles. The velocity of the alpha 
particle originating, say, from radium, is knovn once and for all, having 
been determined by electric and magnetic deflections. We compute the 
velocity given to the target particle on the basis of the velocity of the 
impinging particle, the masses of both particles, and the angles obsen'ed 
in the cloud chamber. This is a familiar problem of elementary mechanics. 



Fig. 21.6. Collisions of alpha particles with nuclei, (a) With helium; (b) Tvith oxygea 
(Cmrieay of P. M, 8, Blackett and Proceedings of the Royal Society.) 

If we want to avoid the complication due to the occurrence of various 
angles, we select only tracks due to head-on collisions, easily recognized 
by the direction of the target particle which is thrown along the same 
line in which the alpha particle travels. This simple case is covered by 
the theory given in Prob. 14.1. The result is, for example, that the proton 
picks up a velocity 8i’/5 w^hile the alpha particle, after the impact, con- 
tinues its path in the original direction with the velocity dv/5 {v = velocity 
of the incoming alpha particle). By such experiments we compare the 
tracks due to the various particles at various kinetic energies. 

Two outstanding features of the tracks are noticed. The average den- 
sity of the track is characteristic for the type of the particle, e.g., 100,000 
ions per centimeter for alpha particles, about one-quarter of this value 
for protons, about 1/100 of the same value for beta particles. It is im- 
material that these figures are not sharply defined since in any experiment 
there is not much choice among the various particles. 

It is true that at atmospheric pressure the density is so high that the droplets, each 
representing 1 ion, cannot be counted. But the counting is easily done at lower pres- 
sures, and the figure for 1 atm is computed as inversely proportional to the pressure. 

For proton rays as for alpha rays, the range is a w^ell-defined function 
of their kinetic energy. This relation is studied by observing artificiaDy 
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accelerated protons so that the range observed may serve for a deter- 
mination of the kinetic energy. For equal energy, the range of protons 
is about four times as long as that of alpha particles. 

We may check this determination of the nature and velocity of any 
particle by applying a strong magnetic field in a direction perpendicular 
to the direction of its path. Since we know the velocity (derived from 
the range j, the magnetic deflection leads to a determination of e for the 
particle which, in turn, reveals its nature and so provides a check of the 
argument. Figure 21.7 shows the magnetic deflection of alpha particles 
in a field of 43,000 oersteds. 

Summarizing, we notice the great variety of obser\’ations to be made 
\rith the cloud chamber. It reveals the nature of particles, their velocities, 
and a great deal of detail of the collision processes between particles. 

The processes by which X rays and alpha rays are losing energy when 
traversing matter are widety different, as is evident from the description 
of their absorption. The fall in intensity of X ra 3 ^s is described by an 
exponential law 7 = loe-^^ (Sec. 19.1d) stating that there is /lo well-defined 
limit of the thickness through which X rays maj” penetrate. On the other 
hand, Fig. -21.5 strikingly show’s that all alpha raj^s emanating from the 
same element have about the same range; the absorber takes aw’a}’’ all 
particles belonging to the ray after they have traversed the same distance. 
These contrasting observ’ations are explained by the different processes of 
absorption. An X-ray quantum spends its whole energy in one process^ 
either the photoelectric effect or the Compton effect. Within each centi- 
meter of path length in the absorbing medium, this process has a certain 
probability and removes a certain fraction of all quanta from the ray (see 
Prob. 17.5). Thus mathematically the intensitj" of the X ray decay's fol- 
lowing an exponential law’ and never reaches exactly zero. Hence w’e de- 
scribe the absorption by an absorption coefficient. On the other hand, the 
individual alpha particle spends its energy" in many processes, in each one 
of them ionizing a molecule. Thus it gradually" is losing its initial Idnetic 
energj’ w’hich is equal to several Mev. This is not noticeable on the photo- 
graph of Fig. 21.5 except by the sudden end of each track. The distance 
^vithin W’hich several hundred thousand ionization processes take place is 
about the same for all particles. This explains w’hy w'e describe their 
absorption by their range, not by an absorption coefficient. The gradual 
loss of \’elocit 3 ^ of the individual alpha particle along its track becomes 
evident in a strong magnetic field deflecting the particle (Fig. 21.7). The 
radius of cuiwature R depends on the magnetic field by the relation 
R = pv eH (see Sec. 8.2a). In the experiment represented bj’’ the figure, 
€ p and H are constant. Hence the radius R is proportional to the velocity. 
The figure shows that the ra\’s, coming from above, are increasingly cur\’ed, 
hence show' smaller values of R, tow’ard the ends of their ranges. 

Another difference betw’een X rays and alpha rays is obvious, consider- 
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iiig their nature. The X-ray quantum when absorbed disappears. The 
alpha particle when slowed down picks up electrons and continues its life 
as a helium atom. 

When studying light or X rays, we get used to the fact that the obsem. 
tion shows something coritinuons, hke the light emitted from a lamp. Onlv 
an elaborate theoretical argument makes us believe that the process iii. 
volved, the emission of light quanta, is discontinuous. In the Geiger 
counter, however, the discontinuity of radioactive radiation is strikingly 
evident by the discrete kicks of the loud-speaker, StiB 
more strildng is the aspect in the cloud chamber which 
shows the individual alpha-ray tracks, their lengths, their 
deflections by a magnetic field (Fig. 21.7) and, as we shall 
study in detail, the fate of the alpha particles in various 
collision processes. The high energy of radioactive rays 
is required to produce these clearly visible tracks of in- 
dividual particles. 

b. Beta Rays. Figure 21.1 illustrates an experiment 
that shows that alpha, beta, and gamma rays are all three 
present among the rays coming from a composite source. 
When we apply chemical separation to a composite 
source, as first was done by the Curies, we find that each 
radioactive element emits either an alpha or a beta ray 
(with a very few minor exceptions in which both alpha 
and beta rays come from the same element) . This makes 
the separate study of beta rays simple. As we shall see 
later, many beta emitters are produced by artificial trans- 
mutation. Gamma radiation is commonly associated with the emission of 
alpha or beta rays. 

By magnetic deflection the beta ray indicates its negative charge. The 
combination of magnetic and electric deflection enables us to determine 
its specific charge, e/ju, and velocity. The numerical value of the specific 
charge identifies the ray as consisting of free electrons. Their velocities 
are high, in some cases even closely approaching the velocity of light. 
Beta rays of a sufficient density produce fluorescence of a screen as is 
well knovTi to everybody who has seen a cathode-ray oscilloscope. The 
cathode ray is of the same nature as the beta ray, although of lower 
kinetic energy of the indi\ridual particles, and produces a bright fluorescence. 
However, individual beta particles, different from alpha particles, fail to 
show up by individual scintillations. To determine the law of decay of a 
beta radiator (see Sec. 21.3) the ionization chamber and electroscope are 
used a great deal. Because of the high penetrating power of the beta ray, 
the chamber may be closed by a thin aluminum window. 

The penetrating power of beta rays is not so well defined as that of 



Fig. 21.'?. Curved 
tracks of alpha 
rays in a mag- 
netic field of 
43,000 oersteds. 
{After Kapitza.) 
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alpha ra\^s as we shall see when observing their tracks in the cloud chamber. 
Xevertheless one can determine rather well the thickness of the aluminum 
sheet that completely shields the ionization chamber from the effect of the 
beta rays coming from one or the other 
active element. Once the relation be- 
tween this thickness and the velocity 
of the rays has been determined (Fig. 

21.8j, this is a convenient method for 
the determination of the maximum 
velocity of a bundle of beta rays. 

IMuch more detail is revealed by a 
measurement of the velocities in a beta- 
ray spectrograph (Fig. 21.9). Its con- 
struction closely resembles that of a 
mass spectrograph. But here we know 
the specific charge, eZ/z, of the particles 
and want only to determine their veloc- 
ities. A narrow bundle of beta rays, 
separated out by two slits, enters a 
magnetic field perpendicular to their 
path. The field turns each particle in 
high vacuum on a circular path of the 
radius R = /zr eH [Eq. (8.7)]. The formula shows that the magnetic field 
spreads the rays according to their velocities v. After passing through half 
circles, the rays are recorded on a photographic plate. The unexpected 

result is that, in many cases, the 
beta rays coming from an isolated 
active element have not all the 
same velocity, but, in most cases, 
show a spread of velocity over a vdde 
range with a well-defined maximum 
limit, characteristic for the emit- 
ter. This is called a “continuous’’ 
beta-ray spectrum. Here beta rays 
differ from alpha ra^^s which, by 


.92 .96 .975 .984 .990 

— ^ Velocity ( in fractions 
of the velocity of light) 

Fig. 21, S. Range of beta rays in 
aluminum as a fuiictitm of their veloc- 
ity. 



Fig. 21.9. Beta-ray spectrograph. The 
magnetic field, normal to the plane of the 
figure, bends the two beta rays shown in 
the figure on circular paths. 


their uniform range, show that 


they have all the same velocity when 
emanating from the same emitter. 
Similarly gamma rays, emitted from the same element, have all the same 
energ\" quanta, in other words, a sharp line spectrum (see Sec. 21.2c), 
Hence the continuous beta-ray spectrum is an exceptional observation. 

This observed fact is opposed to our idea of sharply defined energy levels. 
Such levels are evident in the nuclei that are left after the emission of the 
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beta rays because the subsequent emission processes of alpha or gamma 
rays are sharply defined and bear no evidence of a continous range of 
nuclear energy. This dilemma, the observation of a cmtinuous spectrum 
leading to a sharply defined energy level, was tentatively solved by Pauli 
(1931) who postulated that the emission of a beta particle from the nucleus 
is accompanied by the emission of another particle, called the '^neutrino" 
which escapes direct observation. Pauli assumes that the total energj* 
emitted is sharply defined, only its distribution between the beta particle 
and the neutrino varies over a continuous range. Thus the high energy 
limit of the continuous beta-ray spectrum represents the total energy of 
the emission process. The new particle must be supposed to be neutral 
and ha\T a mass small as compared to that of the proton, otherwise the 
displacement law (Sec. 21.4) would fail for beta emission. Furthermore, 
a charged particle would produce tracks in the cloud chamber. A great 
effort has been made hunting for this elusive particle. The evidence 
for its existence, if there is any, is so indirect that we refrain from discuss 
ing it. 

There are other beta-ray spectra in which sharply defined particle ve- 
locities are observed. These beta emissions, however, are understood as 
secondary processes, due to the emission from the nucleus of a gamm 
ray which, in turn, by photoelectric effect ejects an electron from the K 
or L or M shell of the electronic structure. This more complex process 
is identified by an energy relation. Radium, for example, although an 
alpha emitter, emits also a beta-ray spectrum which consists of three sharp 
lines. The beta ray of lowest energy, called ]8i, is ejected presumably 
from the most firmly boimd shell, the K shell. If this is true we expect 
the relation to apply: 

Energy of gamma quantum = energy of jSi + ionization energy of K shell 
Correspondingly, to the next ray, jSg, the relation should apply: 

Energy of gamma quantum — energy of ^2 + ionization energy of L shell 
By subtraction we find 

Energy of jSo — energy of jSi = energy of K limit — energy of L limit 

The measurement of the beta-ray spectrum checks well with the difference 
between the K and L ionization limits, which are accurately known from 
the X-ray absorption spectrum. The corresponding relation holds for the 
beta rays ^2 and ft compared with the L and M limits of the X-ray 
spectrum. These relations prove that the sharp line beta-ray spectra do 
not consist of electrons ejected from the nucleus but of K or L or M elec- 
trons ejected by a gamma quantum, which, in turn, is emitted from the 
nucleus. This process is called “internal conversion.^’ When the lines of 
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the beta-ray spectrum are assigned to the various X-ray absorption limits, 
the energy of the gamma ray can be computed {see Prob. 21,10j. 

The Geiger counter responds well to beta rays. Its operation differs 
from that of the ionization chamber in that it exhibits a brief self-main^ 
tabled electric discharge which is only started by the incoming particle. 
Except by special devices, this discharge fails to give evidence whether it is 
started by an alpha or a beta panicle. But by an aluminum window of 
proper thickness one can screen off the alpha rays and still transmit beta 



Pig. 21.10. Cloud-chamber tracks of beta rays. The curved, heavy tracks are due to 
slow beta particles; the straight, light track is due to a fast beta particle. {Courtesy of 
C. T. R. Wilson.^ 


rays. Finally one can correct for possible gamma rays by inserting a 
heavier aluminum window, which stops all beta rays but has no noticeable 
effect on the much more penetrating gamma rays. 

Cloud-chamber pictures show other properties of beta raj^s. Figure 21 . 10 
shows slow beta rays ejected from gaseous molecules by gamma rays and, 
in addition, one straight track due to a fast beta ray. It is seen that slow 
beta rays are deflected by collisions much more readily than alpha rays. 
This has the effect that the range of a beta ray is less well defined than 
that of an alpha ray (see Fig. 21.5). Since beta rays have ranges much 
larger than those of alpha raj^s, it is convenient to measure them in alu- 
minum instead of in air. In spite of the numerous deflections suffered 
by beta rays once they slow dovm, one can reasonably well determine a 
distance beyond which no beta particle reaches; thus the curve of Fig. 21.8 
has been obtained. The straight track of the fast electron seen in Fig. 
21.10 is less dense than the curved path of the slower electrons. This 
indicates that the faster electrons have a smaller chance for energy losses. 
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The high penetrating power of very fast electrons observed in cosmic rays 
(Chap. 24) is another manifestation of the same fact. 

c. Gamma Rays. Gamma rays are similar to X rays and of a differeat 
natoe than alpha or beta rays, which are the only material rays observe] 
in natural radioactivity. Their penetrating power is equal to or greater 
than that of X rays and, like the latter, they are studied by their effects 
on photographic plates or in ionization chamber’s or, most conveniently 
with Geiger counters. Since in all such devices both types of ray produce 
the same effects, we conclude that they are of the same nature. The pens. 



Fig. 21,11. Cloud-chamber tracks due to gamma rays. The tracks show secondary 
electrons ejected by the gamma rays. {Courtesy of C. T, R, Wilson.) 

trating power of most gamma rays is the same as that of X rays gener- 
ated by several million volts. 

A difficult experimental problem is presented by the measurement d 
gamma-ray wave lengths. The wave lengths of the less penetrating gamma 
rays, measured by Bragg’s crystal spectrometer, are of the same order as 
those of X rays. This instrument, however, is not applicable to harder 
gamma rays because their wave lengths are short as compared to the grating 
constant of crystals. In some cases wave lengths of gamma rays are com- 
puted from the energies of associated beta rays which are emitted by in- 
ternal conversion as discussed in the preceding section. A systematic 
determination of gamma-ray wave lengths is based on cloud-chamber 
photographs. Figure 21.11 shows the trace of a bundle of gamma raj^ 
in air. Because of the high penetrating power of the rays, we are sure 
that most of their quanta pass through the chamber without producing 
any effect. The tracks observed are due to the few quanta absorbed; 
and these quanta show up only indirectly by the secondary electrons that 
they eject from the air molecules. This effect of gamma rays in the cloud 
chamber is entirely different from the effect of alpha or beta rays; these 
latter rays produce tracks that show the paths of individual alpha or beta 
particles by continuous series of droplets. On the other hand a gamma 
quantum when absorbed produces 1 high-energy electron whose path shows 
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up by £i cloud. The aggregate of all these secondaries gives the impression 
of the gamma ray passing through the chamber. But the track of the 
individual gamma quantum does not show up. 

A more detailed semtiny of the tracks, into Avhich we shall not enter, 
shows minor differences between the two processes that a gamma vay may- 
produce. Either it ejects an electron from an air molecule by the photo- 
electric effect and so converts practically its entire energy into kinetic 
energy of the ejected electron, or, in the Compton scattering, it gives 
only part of its energy to an electron, the other part to a deteriorated 
quantum. Although in many individual tracks no clear-cut decision be- 
tween these alternatives can be made, a laborious statistical treatment of 
many cloud-chamber tracks of secondary beta rays gives evidence of the 
energy quantum, hence of the wave length of the gamma ray. The various 
methods agree in showing that gamma rays have sharply defined wave 
lengths, characteristic for the emitting nucleus. We compare this time- 
consuming and inaccurate method for measuring one or two gamma-raj’’ 
wave lengths with the ease with which optical wave lengths are deter- 
mined. On a photographic plate (see Fig. 16.3) many hundred sharp 
optical spectral lines are recorded and measured with high precision 
and ^rithout any ambiguity \rithin a short time. Great progress in our 
knowledge of the nucleus would result if a gamma-ray spectrograph could 
be constructed as powerful as a Rowland grating for light. There is no 
indication, however, that this can be achieved. 

Our treatment of alpha, beta, and gamma rays is descriptive and does 
not lead to a theory of the nucleus as the description of optical spectra 
culminates in Bohr's theory. There exists no theoiy of nuclear structure 
which w’ould lead to as comprehensive a prediction of a simple nucleus as 
that given by Bohr’s theoiy of the hydrogen spectrum. 

The radioactive rays are compared with light and X rays in Table 21.2, 
given in the summary. 

21.3. Half-life. After discussing the nature of the radioactive rays, we 
now study the rate at which they are emitted. For each radioactive ele- 
ment the rate of emission is directly proportional to the mass of the sample 
present. This simple obseiwation indicates that the atoms do not affect 
each other, e,g., in stimulating the emission of rays. 

In most cases the decay of the emitter is conveniently traced by the 
gradual decrease of the emission, A familiar laboratory" experiment is the 
measurement of the decay of thorium emanation. Here the quantity of 
the active element is measured by its activity, say, every 20 sec: this can 
well be done by once admitting a trace of thorium emanation into the 
condenser of an ionization chamber and next charging the condenser, say, 
every 20 sec to the same initial potential difference and measuring the 
rate of discharge by observing the leaf of an electroscope. (Here we dis- 
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regai-d the fact that each individual reading covers a time interval d 
several seconds during which the source may not be exactly constant.) 

The observation shows that^ for a given radioactive element, it always 
takes the same length of time, called the “half-life” to lose one-half of 
its original strength, i.e., to decay to one-half its original amount. Alath- 
ematically, this law of decay is expressed in the plot of the activity N (m 
an arbitrary’ scale) against the time t. Here we obtain a curve (Fig. 21.12o) 
which is represented by an exponential law 



(aj (b) 

Fig. 21.12. Decay of thorium emanation. The exponential curve (a) is transformed into 
the straight line (h) by applying a logarithmic scale. 


N = (21.1) 

where A^o = initial activity 

X = empirical factor, called “decay constant’’ 

Instead of plotting N against t we rather plot log N against t as in Fig. 21.126. 
This has the advantage that the eye can judge directly the straight character of the line 
while it is unable to judge whether or not a curve is well represented by an exponential 
function. ^Moreover, the logarithmic scale readily represents a range of figures much 
wider than that represented by a linear scale. 

The constant X represents the reciprocal of the time during which the 
activity N decreases to the fraction 1/e of its initial value No- The decay 
constant X is closely connected with the half-life T. A simple computa- 
tion, carried out in Prob. 21.2, gives 


log, 2 
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Attention is called to the fact that N» does not enter into the expression 
for T] hence, as stated above, the half-life does not depend on the quantity 
of the element present. 

The observ^ation described by Eq* (21. Ij can be derived from the the- 
oretical assumption that each atom has an intrinsic probability of disin- 
tegrating within any given time interval, irrespecti\'e of the disintegration 
of its neighbors. On this basis we understand that in any fixed time 
interval a certain fraction of the number of atoms disintegrates. In other 
words, when we consider a time internal M so short that within it the 
number A' of atoms present is appreciably constant, then the number AiV 
decaying during A/ is proportional to K and A/, the constant of propor- 
tionality X being characteristic for the material and entirely independent 
of the physical conditions. Hence, 

AN^-\N At (21.3) 

In Prob. 21.3 it is proved that this fundamental assumption necessarily 
leads to the obser\’ed decay described by Eq. (21.1*), 

In many obser\’ations of radioactive decay, the situation is complicated 
by the fact that the daughter substance in turn disintegrates and, there- 
fore, does not accumulate without limit. 

This is negligible in the case of thorium emanation because the daughter substance 
has a very much shorter half-life of only a fraction of a second. In this case, apparently, 
the active atom emits two alpha particles simultaneously. The following daughter 
substance has a much longer life. 

This complication can be avoided completely in the case of radium if 
the daughter substance, the gas radon, is allowed to escape. 

In the laboratory this situation must be carefully avoided, partly for reasons of 
health, partly because the escaping radon would deposit its daughter products on the 
walls of the laboratory and render them permanently radioactive. 

We consider now the simple case where the daughter substance is al- 
lowed to accumulate in the same container with the parent substance, 
e.g.j radon (half-life,, 3.82 days) with radium (half-life, 1,590 years). We 
start from pure radium; the daughter substance radon is generated at 
the same rate at which the radium decomposes. During the first minutes, 
the number of radon atoms is so small that their spontaneous decomposition 
(proportional to this number) is negligible as compared to the rate of their 
creation. However, when more radon accumulates, the uniform rate of 
its creation is more and more counterbalanced by the increasing rate of its 
decomposition. After a considerable length of time, these two rates be- 
come practically equal and so define the concentration of radon in radio- 
active equilibrium” with radium. No larger concentration of the daughter 
substance can be created by the parent substance. This equilibrium is 
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given by the equation stating that the rate of creation equals the rate (rf 
decomposition or, considering Eq. (21.3), 

\pN p At = XitAT d At 


where the subscripts p and d indicate parent and daughter, respectively. 
The equilibrium concentration of the daughter element follows as 


^ Xd 


(21.4j 






Fig. 21.13. Me- 
chanical model of 
radioactive equilib- 
rium. 


This concentration goes down only very slowly with the 
decay of the parent substance radium. Hence an ob* 
server who paid attention only to the radon, disregard- 
ing the presence of the radium, would be misled into 
believing that radon decomposes with the long half-life 
of 1,590 years. The last equation is used for the deter- 
mination of very long half-lives. For example, in 
uranium minerals radium is observed to be present in 
the constant relative concentration Ra/U = 3.4 X 10"*, 
supposed to be the equilibrium concentration. Since 
the half-life of radium is 1,590 years, that of uranium 
is computed to 4.7 X 10** years. 

We restricted our consideration of the radioactive 
equilibrium to the simple case of a parent and a daugh- 
ter substance. In most cases the daughter substance 
in turn decomposes into products that are unstable 
and contribute to the activity observed. A good 
mechanical picture of radioactive equilibrium is given by several watei 
containers, one placed below the other (Fig. 21.13). Any container except 
the first receives water in a stream more or less plentiful from its next 
upper neighbor and delivers it to its next lower neighbor. The last con- 
tainer is closed so that the water accumulates. It represents the stable end 
product of the decay (see Sec. 21.4). The case of radium and radon (long 
and short half-lives, respectively) is duplicated when we give a very narrow 
outlet to the top container and a much wider outlet to the next lower one. 
The experiment may begin with radium chemically purified, represented by 
all containers being empty except the highest. When we open its outlet, 
water will accumulate in its neighbor the water level of which will go up at 
a imiform rate because, to begin with, the rate of loss is small as compared 
with the rate of gain. But soon the rate of loss will become larger and 
slow down the rise of the water level. After some time, this level 
reach a stationary state representing the radioactive equilibrium. The 
condition for this equilibrium states that the rate of gain equals the rate 
of loss. 
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Radioactive equilibrium enters into the definition of the unit of radio- 
acti\’it y. This has been chosen largely with the idea in mind of establish- 
ing a standard dose for medical purposes. Here radon is more important 
than radium us we shall see in Sec. 21.6. Hence the activity of a standard 
quantity of radon is chosen as the unit. One carie is defined as the activity 
of the radon which is 'present in equilihriuni with I g of radium. More com- 
monly the smaller unit 1 millicurie is used. 

Conventionally the same unit is applied to artificially produced radio- 
active substances. Thus 1 curie is defined as the activity of aiw substance 
in which 3.7 X 10^° atoms disintegrate per second. (This is the number 
per second of radium atoms disintegrating in 1 g of radium or the equilib- 
rium amount of radon.) This number is not necessarily identical with the 
number of particles emitted per second. For example, pure radon (half- 
life, 3.8 days) has various daughter products of much shorter half-lives 
so that each disintegration process of 1 radon atom leads to the emission 
of 3 alpha and 2 beta particles in rapid succession until an atom of much 
longer half-life is reached. For all practical purposes, these emission proc- 
esses occur simultaneously. In expeiiments with artificial radioactivity 
iChap. 22), usually the quantity of the new element produced is so small 
that it cannot be weighed; nevertheless its activity can be measured in 
millicuries (Prob. 21.8). 

For gamma rays the same unit of dose is used as for X rays, f.c., 1 roent- 
gen (see Sec. 19.1rf). This unit, however, is not applicable to alpha and 
beta rays. The two units, 1 curie and 1 roentgen, differ fundamentally. 
The curie directly defines a property of the radiating element; when its 
activity (in curies) and half-life are knora, one can easily compute the 
number of atoms present from Eq. (21.3). On the other hand, 1 roentgen 
is defined on the basis of the arbitrary selection of air as the absorber. This 
measurement gives no indication of the total energy of gamma radiation 
present. Hence the curie is of interest for both the physicist and the 
biologist. However, the roentgen is of no use for research in physics al- 
though it gives a satisfactory statement regarding the biological effect of 
gamma rays. 

21.4. Radioactive Series. In radioactive decay the nucleus that emits 
an alpha or beta particle changes its chemical nature. Our knowledge of 
these particles and nuclei is so thorough that we can predict the change 
in the nucleus brought about by the emission. The alpha particle carries 
the mass 4 (in mass numbers) and the positive charge 2 (in electronic 
charges) away from the parent nucleus. Consequently the daughter nu- 
cleus is lighter by mass number 4 and is placed 2 atomic numbers back in 
the periodic table. The beta particle, emitted from the nucleus, carries 
away no appreciable mass but the negative charge 1, hence leaves a 
daughter nucleus of unchanged mass number but placed one atomic num- 
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ber in the periodic table. In both cases the change of packing frac. 
tion (the higher decimal places of the atomic weight) can be predicted onlr 
if we know the kinetic energy of the alpha or beta particle emitted. 

The laws here stated, called the “displacement” laws, are represented is 
the of Fig. 21.14. Here each element, characterized by its atmv 

number, occupies a certain place on the abscissa while its various isott^ 
characterized by their mass numbers, are displayed along the ordinate 
The emission of an alpha particle produces a new atom two places to th 
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— ► Atomic Number 

Fiq. 21.14, Uranium series. Two rare 
cases of branching are omitted. 


left and four places doTO. (In tht 
diagram only every fourth mas 
number is plotted.) A beta emissioi 
shifts the nucleus only one place t 
the right. The diagram shows the 
wide extension of this series of disin- 
tegration processes beginning with 
92 U®®® ending with which we 

have mentioned before as one of the 
stable isotopes of lead (Sec. 20.5). 

The facts represented in Fig. 21.14 
are given in Table 21.1 which in- 
cludes the half-lives of the various 
elements covering a range betwm 
10^ sec and 4.7 X 10® years. (Verj- 
short half-lives have not been meas- 
ured with a watch but estimated from 
an empirical relation between the 
half-life and the range of the alpha 


particle emitted. We omit the discussion of this relation.) Each isotope 
has its characteristic half-life and, in the great majority of cases, emits 


either an alpha or a beta particle. There are two exceptional cases of 
branching” in which a few hundredths of 1 per cent of the disintegrating 
atoms chose an alternative way down tow’^ard saPb^ (omitted on the dia- 


gram and the table). 

Our present knowledge of the nuclear charges and the nature of alpha 
and beta particles makes the displacement laws represented in this diagram 
quite obvious. At the time of the discovery these laws, independently 
found by Fajans and Soddy (1913), represented great progress. The ex- 
periments required to establish them consist largely of chemical analysis. 
We have mentioned already the simplest case, the relation between radium 
and radon. Radium w’as recognized by the Curies as an alkaline earth. 
It was found that the emission of an alpha particle leads to a daughter 
element called “radon,” hitherto unknown, chemically identified as a rare 
gas, hence, in the periodic table, preceding the parent element by two 
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Table 21.1. Uraniian-radium Series 
(Omitting t\\'o rare cases of branching) 


Mass 

No. 

1 

j Atomic 

j 

Element 

Radiation 

Half-life 

238 

92 

Uranium I 

a 

4.6 X m^y 

234 

90 

iTanium Xi 

0 

24.1r/ 

234 1 

1 91 

Uranium Xa 


1.14w 

234 ' 

92 

Uranium II 

I a 

2.7 X mj 

230 

1 90 

Ionium 

a 

8.3 X 10^// 

226 

88 

Radium 

a 1 

1,590// 

222 

86 

Radon 

a 1 

3.825ri 

218 

84 

Radium A 

a 1 

j 3.05/« 

214 

82 

Radium B 

/3 

26.8m 

214 

83 

Radium C 


19.7w 

214 

84 

Radium C' 

a 

1.50 X lO-^s 

210 

82 

Radium D 

\ & 

22y 

210 

83 

Radium E 

1 ^ 

5M 

210 

84 

Polonium 

a 

im 

206 

82 

Lead 

\ 

i 


places. Another example is given by the beta emission from radium D, 
which is an isotope of lead and generates an element chemically identified 
as bismuth which follows lead in the periodic table. Thus chemical analysis 
led to the displacement law. Here an outstanding experimental problem 
of research in radioactivity show^s up, the chemical separation of neighbors 
or near neighbors in the periodic table. In modem research on the trans- 
mutation of elements, this chemical problem plays a major part, all over 
the periodic table of elements. In many cases this analysis is made diffi- 
cult by the short half-lives of the elements, which prevents an accumula- 
tion of an appreciable quantity. The distinction of the element radium 
is due to the fact that it has a half-life sufficiently long to permit a weigh- 
able accumulation, on the other hand sufficiently short to make its ra- 
dioactivity strongly noticeable. The results reported above, based on 
chemical analysis and the properties of alpha and beta particles, may be 
considered as another powerful confirmation of the law stating that the 
atomic number equals the nuclear charge. 

We have introduced isotopes as the result of investigations with, the 
mass spectrograph (Chap. 20; Aston, 1920). Historically, isotopes were 
discovered much earlier as the products of radioactive disintegration 
(Soddy). For example, 92 X 1 *^®®, by emitting an alpha particle, changes into 
thorium goTh®®^. Its atomic weight 234 follows from the displacement law 
and does not agree with the atomic weight 232 of the chemically known 
element thorium. By such relations the occurrence of many isotopes 
among the heavy elements has been discovered. A simple relation in 
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which isotopes are predicted is evident in the disintegration of uranium 
the parent element of the whole series. By alpha emission it 
transmuted into the element of atomic number 90 and mass number 234 
The product emits 2 beta particles in succession and so brings the atom 
back to the atomic number of uranium but to an atomic weight smaller 
by 4. It follows that here an isotope of the parent element uranium is 
formed. In general, the sequence of 1 alpha and 2 beta emissions create? 
an isotope of the parent element with a mass number smaller by 4 . An- 
other example of the displacement law’s is given by the lead isotope of the 
mass number 206 w’hich is predicted as the end product of the uranium- 
radium series and actually found in preferred abundance in the lead asso- 
ciated w’ith uranium minerals (Sec. 20.5, Fig. 20.7). 

In addition to the uranium-radium series just discussed, two more such 
series have been loiow’n for many years. The actinium series begins with 
the rare uranium isotope 92 U-®® and ends w’ith lead s 2 Pb^‘^^; the thorium 
series beginning with thorium goTh^^ ends with the heavier lead isotope 
82 Pb-“®. We shall not discuss the detail of these series, which follow the 
same principles as the uranium-radium series. Recently a fourth series 
w’as discovered w’hich does not contain any element of a half-life long 
enough to make it appear in nature. The series starts from artificially 
produced plutonium 94 Pu^^^ (see Sec. 22.8; this isotope originates fromgoU®^ 
by alpha, not by neutron, bombardment) ; the series ends with the stable 
bismuth isotope saBi-^®. It is given the name ^‘neptunium series'* after 
the longest lived member. These new results demonstrate that our knowl- 
edge of the radioactive series is limited by our technical ability to isolate 
short-lived radioactive elements. What we consider to be the first mem- 
ber of a series may well be the daughter of a short-lived element not yet 
isolated. 

All the radioactive isotopes contained in these four series belong to the 
heaviest elements. This agrees with our discussion of Aston's packing- 
fraction curve (Sec. 20,4). A large packing fraction, i.e., a high location 
on the curve, is identified with a large energy stored in the atom, AH 
heavy, radioactive elements are located on the right rising branch of the 
curve in agreement w’ith the general rule that the most stable configura- 
tion is given by the minimum of this curve near the mass number 60. It 
is a surprising exception that tw’o lighter elements, the rare potassium 
isotope igK^ and the rubidium isotope arRh®", show beta-ray emission. 
Both have very long half-lives; otherwise they w’ould not be found in 
nature. 

21.6. Report on the Theory of the Nucleus. What are the forces that 
keep the nuclei assembled? The only force w’e are sure of is the Coulomb 
repulsion w’hich tends to disrupt the nuclei. This repulsion explains satisr 
factorily the scattering of alpha particles even at approaches as close as 
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aboiu 10”"- cm (see Sec. 14.3). Hence, outside of this distance the Cou- 
lomb repulsion is the outstanding force acting between nuclei. In order 
to e.^plain the existence of nuclei of positive charges larger than that of 
tlie proton, we must assume that for closer approaches of protons and 
neutrons new forces of attraction come into play, which are oven^Tielm- 
ingly larger than the Coulomb repulsion acting between the positive 
charges. Although we do not know these mysterious forces so \s'ell that 
we could theoretically predict nuclear structures, we can describe some 
experimental facts by a simple mechanical model. In order to explain 
the method, we compare the emission of alpha particles from radioactive 
nuclei with a very different process, 

the emission of electrons from a / \ 

glowing metal. These electrons | / \ 

are in the low kinetic-energy range \ 

of thermal motion, some of them f / — \ 

leaving the metal with negligible 2 

energy. This is explained by a — ; 

model (see Fig. 10.2J in which a set oi at 

of steel spheres con aine in a ray potential energies of nuclear particles, 
with a sloping rim is violently 

shaken. We may interpret the section of the tray given in the figure as 
representing the potential energy of a sphere in any position, low at the 
bottom but having a constant height anyivhere outside the tray. In par- 
ticular, the model represents the energy of liberation of a sphere as the 
energy required to lift the sphere from the bottom to the rim of the tray. 
The electron emission is compared with the occasional escape of one of the 
spheres. 

Alpha raySj on the other hand, are alw^aj^s emitted from a radioactive 
element with a high kinetic energy characteristic of the element. Cor- 
respondingly w^e invent a mechanical model of the nucleus. The particles 
constituting the nucleus (called by a common name “nucleons’') are pic- 
tured as contained in a deep Avell (Fig. 21.15) in w^hich they perform a 
random motion. 


One may attribute a temperature to the assembly of these particles, but this tempera- 
ture bears no relation to the temperature of the body measured with a thermometer since 
no energ}' exchange takes place between the particles constituting the nucleus and all 
the atoms constituting the body. 

Occasionally, an alpha particle is thrown up to such a height that it 
escapes over the rim. Outside the nucleus (differing from the electron 
ejected from the metal) the alpha particle is subjected to the Coulomb 
repulsion, w’hich gives it the high kinetic energy observed. The potential 
energy of the alpha particle with respect to the nucleus is highest near 
the rim and decreases with increasing distance. 
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In Sec. 15.3 we computed this potential energy for the case of the electron and the 
nucleus as — Ze^jr. A similar expression, applies to the alpha particle; but here repul- 
sion takes place instead of attraction. 

Graphically the potential energy is represented by a curve sloping down 
from the rim (proportional to 1/r). Hence in the mechanical picture a 
particle ejected rolls down the slope and so acquires a high kinetic energ\\ 
These slopes surrounding the well make the model appear like a volcano 
that is occasionally erupting. 

How high above the surroundings is the rim of the crater? The kinetic 
energy of the alpha particles emitted seems to give the direct answer. For 
example, alpha particles from uranium are ejected with a kinetic energj- 
of 4.2 Mev. Here, however, we run into a discrepancy that indicates that 
our mechanical model is too simple. In our discussion of the size of the 
nucleus (Sec. 14.3), we learned that the scattering by uranium of alpha 
particles (coming from an outside source) is correctly described by the 
theory of scattering for energies of alpha particles as high as 8.8 Mev. We 
must conclude that the mpinging alpha particles when approaching the 
nucleus even \nth this high energy are repelled simply by the Coulomb 
force. According to this argument, the height of the rim over the sur- 
roimdings must be at least 8.8 Mev, hence much higher than indicated 
by the energy of the alpha particles spontaneously ejected from uranium. 

This discrepancy is solved by wave mechanics. Here, in contrast with 
Newtonian mechanics, a particle contained in the crater has a chance to 
escape even if its energy is not sufficient to lift it over the rim. For any 
height of the particle in the well wave mechanics predicts a certain prob- 
ability of finding the particle outside the well. It is true that this prob- 
ability is exceedingly small for low heights where the walls are thick. How- 
ever, wave mechanics predicts that closer to the rim the particle has a 
noticeable chance to escape through the thin wall. This is commonly 
referred to as the “tunnel effect.^’ An alpha particle contained in the 
well may collide very frequently with the walls without escaping. But 
there is a chance for an occasional favorable hit that leads to escape. 
These are the alpha particles we observe as emitted from uranium. The 
same idea applies to the alpha particles bombarding the uranium nucleus 
from outside in the scattering experiment. Most of these alpha particles 
bounce off (as a sphere would roll back from a slope like that of Fig. 21.15} 
and are recorded as scattered. In the same experiment it is not noticeable 
that a very^ few alpha particles penetrate as through a tunnel into the 
interior of the uranium atom. The quantitative application of wave 
mechanics leads to the prediction of a law correlating the half-life of the 
nucleus and the range of the alpha particle ejected. This law, which we 
shall not further discuss, agrees well with the observed facts (Geiger- 
Nuttall law). 
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Another aspect of the heaviest nuclei will be visualized by a different 
model discussed in Sec. 22.9. 

21.6. Applications. We shall discuss applications of radioactmty to 
geolog}", medicine, and to the tracer’' method which solves widely dif- 
ferent problems of many fields of science. This is a wide field which we 
can only illustrate by a few examples. 

Suppose that in the earliest geological period a rock was formed with 
uranium present but no lead. The gradual decomposition of uranium is 
slowly generating lead and, since we know all decay constants, in particular 
the yery low decay constant of uranium (Sec. 21.3j, we can compute the 
amount of lead formed per year. Vice versa, when we measure the amount 
of lead present in the mineral, we can compute its age. Here it is assumed 
that no ordinary lead, recognized by its isotopic constitution, is present 
but that all the lead present is of the isotope 206 and so manifests its 
radioactive origin (see Sec. 20.6). The result of a numerical computation 
(given as Prob. 21.4) is an age of rocks of about 650 million years. In 
Sec. 21.3 on the half-life we went through a related argument, computing 
the concentration of radium in the presence of uranium. There, a certain 
equilibrium concentration is approached after a period of several times the 
half-life of the product because it is itself imstable. On the other hand, 
here an unlimited accumulation takes place since we are concerned with 
the gradual accumulation of the stable, final product, lead. 

Generally kno’wm is the therapeutic effect of radioactivity. It was ob- 
ser\"ed quite early that radium preparations have a slow, destructive effect 
on the skin producing sores similar to bums. This effect, although vicious 
in many cases, proves beneficial in the treatment of tiunors. Fortunately, 
it turned out that tumors are more susceptible to destruction than healthy 
tissue. Here the beta rays are most effective because they are absorbed 
within several millimeters or a centimeter of depth while the alpha rays 
have not sufficient penetrating power and the gamma rays have too much 
of it, easily penetrating the whole human body. Thus, radium proper, 
being an alpha emitter, is not used. Radon, however, although itself an 
alpha emitter, has daughter elements which, after short half-lives, emit 
two beta particles (see Table 21.1); they are most useful for radiotherapy. 
This e.xplains the use of radium at the hospital. Radium itself, the costly 
parent substance, in the shape of the chloride, is kept in a closed glass 
container from which the radon generated is taken off in regular time 
intervals. The radon is collected in tiny “needles,” glass tubes thin as 
needles, about in. long. WTiile they are used on the patient, they lose 
their activity with a half-life of 3.82 days and are of no more medical 
value when, after 1 or 2 weeks, most of the radon has disintegrated into 
Ra D which, in turn, has a half-life of 22 years. At the physics laboratory 
these old radon needles, although useless at the hospital, are still of con- 
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siderable interest. For example, one may separate out the polonium which 
has the distinction of being a pure alpha emitter without generating 
daughter elements that would emit beta rays. 

During recent years the application of radioactive elements as ''tracers” 
has developed into a field of major importance (Hevesy and Paneth, be- 
ginning 1913). This application of such elements is based on the fact that, 
with the help of the Geiger coimter, they may be traced in exceedingly 
small quantities, very far below the limit of chemical detection. We shail 
discuss only an example. Bismuth exists as a stable element of consider- 
able medical interest and, in addition, occurs in the various radioactive 
series. One isotope of bismuth, called Ra E, has a half-life of 5 days 
and lends itself well to biological investigations. Bismuth is prepared 
with a small addition of Ra E w’hich has exactly the same chemical prop- 
erties. Thus the fate of the bismuth in the animal or human organism 
is traced by testing the radioactivity of the parts of the body. For ex- 
ample, it has been found that cancerous tissue retains larger amounts of 
bismuth than healthy tissue. The application of radioactive elements as 
tracers started from the use of natural radioactivity. This field has had 
a rapid development after the discovery of artificial radioactivity which 
made a great new variety of elements applicable. We shall come back 
to this field in Sec. 23.4. 


SUMMARY OF CHAPTER 21 

1. Uranium minerals emit radiations that blacken photographic plates 
and ionize air. The most active element of this kind is radium. The 
various rays are endowed with energies of several Mev. Radioactive ele- 
ments are permanently generating small quantities of other elements. 
Radioactive disintegration is due to the large energy stored in the nucleus, 
released at a rate that depends on intrinsic properties of the nucleus, un- 
affected by anything we can do to it like heating or bombarding with 
electrons. 

2. A magnetic field separates radioactive rays into three types: posi- 
tively charged aVplm rays, negatively charged beta rays, and uncharged 
gamma rays. 

Alpha rays are helium nuclei of high velocity. They are counted in the 
Geiger counter. This is a special electric gas-discharge tube operated on a 
voltage slightly below’ the threshold required for a self-maintained dis- 
charge. Each individual alpha particle passing through the counter pro- 
duces so much ionization that a discharge of brief duration is started and 
counted on a mechanical recorder. The rays are made visible in the Wilson 
cloud chamber; here the row’ of ions produced by an alpha particle in air 
causes the condensation of water from the supersaturated air; the cloud 
track so formed is visible under intense illumination. Each w’ater droplet 
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TahJt 21.2. Comparison of Licjhi, X Rays, aurl Rays from XatnraJ Radio- 

active Substances 
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gives evidence of one ionization process. Each kink in an alpha-ray track 
shows that a collision with a nucleus, a much rarer event, has taken place. 

Beta rays consist of fast electrons. They have a higher penetrating power 
than alpha rays. The beta-ra}" spectrograph, based on the magnetic de- 
flection, shows that beta rays originating from nuclei have continuous 
ranges of energy with sharp high-energy limits. There is, however, a 
special class of beta-ray spectra of shai*ply defined energ\"; these consist 
of “secondary” electrons ejected by gamma rays from the K or L or 
shell of the emitter. The cloud chamber shows that the tracks of beta 
rays are much longer and more crooked than those of alpha rays. 

Gamma rays have a penetrating power ever so much higher than that 
of alpha or beta rays. They are identical ^vith X rays of very short wave 
lengths. 

A comparison of the various rays is given on Table 21.2. 
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3. The decay of a radioactive element is described by a simple ex- 
ponential function, characterized by the decay coyistant X or, instead, the 
half-life T. This is explained by the assumption that each element ha? 
an intrinsic probability of disintegration, in other words, that the number 
AN of atoms disintegrating during the short time interval At is propor- 
tional to the number of atoms N present. If the daughter substance b 
active itself, it accumulates only to a limited equilibrium concentration. 
The unit of radioactivity, 1 curie, is defined as the activity of the radon 
which is in equilibrium with 1 g of radium. 

4. The emission of alpha or beta particles is responsible for the spon- 
taneous transmutation of elements. Thus uranium gradually is tranis- 
muted into ssRa^^ and, in many further steps, finally into the stable lead 
isotope 82 Pb^®. The emission of an alpha particle produces a new element 
with an atomic number smaller by 2 and a mass number smaller by 4, 
The emission of a beta particle increases the atomic number by 1 and leaves 
the mass number unchanged (displacement laws). These transmutations 
have led to the discovery of isotopes earlier than the mass spectrograph. 
There are three more radioactive series, the actinium, the thorium, and the 
neptimium series, all following the same principles. 

5. The emission of an alpha particle is represented by a mechanical model 
resembling an erupting volcano. Wave mechanics predicts the tunnel ef- 
fect, i.e., the passing of the alpha particle through the thin wall of the 
volcano. 

6. Radioactivity is applied to the determination of the age of minerals. 
For medical applications beta rays are most important. Usually they are 
applied as coming from daughter substances of radon which is sealed into 
tiny glass needles. Radioactive isotopes serve as tracers. 

PROBLEMS 

21.1. Avogadro^s number. A microgram (10“® g) of radium (which is not separated 
from its products, see Sec. 21.3) emits 14.8 X 10* alpha particles per sec. One gram of 
radium produces 172 mm® of helium gas under standard conditions per year. Compute 
Avogadro's number. Density of helium gas under standard conditions = 1.77 X 10^ 
g/cm®. 

21.2. Relation between half-life and decay constant, A radioactive substance is decaying 
according to Eq. (21.1). (o) Compute the time T during which the initial number A’ 
of molecules is reduced to half its value. (5) Compute the time T' during which the 
initial number .Vo is reduced to 90 per cent of its value. 

21.3. Radioactive disintegration (calculus problem.) A radioactive substance of which 
Nq atoms are present at the time 4 = 0 decays such that during the short time interval 
At the number of disintegration processes (counted by scintillations) is AN, This y 
proportional to the number N present at the time t, provided we choose At so short that 
within At the total number N does not appreciably (‘hange. The factor of propor- 
tionality X, called the “disintegration constant,” is characteristic of the substance. 
Compute the number of atoms *Vi present after a long time interval <i. 
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Hint: Suppose that the time between / = 0 and t = h is dhided into many equal 

AL For an increment A/ write the equation stating .tiie general law, con- 
sidering that an increase of the time leads to a decrease of the number A’. (b\-(€) Apply 
tiie same method as in Prob. 17.5. 

21 A. Age of rocks. In a uranium mineral, lead is found predominantly of the isotope 
206, indicating the radioactive origin of the lead. The mineral contains 0.093 g lead to 
1 g uranium. Compute the age of the mineral. Given, half-life of = 4.5 X 10' 
vears. All other elements of the uranium series have much shorter iialf-lives. 

Hint: (a) Compute the decay constant X from the half-life T using the result of 
Prob. 21.2. (b) Compute AA^ = number of lead atoms and A"j = total initial number 
of atoms ” final number of (lead -h uranium j atoms, (c) Compute the time i from 
Eq. f21.1i. 

21.5. Xurnher of particles emitted. Radium ha.< a half-life of 1.590 years. In each 
disintegration process one alpha particle is emitted, (a) What fraction of the radium 
disintegrates wnthin 1 sec? (h) How many alpha particles are emitted per sec from 1 mg 
of radium? Disregard the alpha particles emitted by the succeeding disintegration 
processes in the radioactive series, (c) What fraction disintegrates within 300 years? 

21.6. Elastic collisions of alpha particles. An alpha particle (velocity iii) hits ia) a 
proton, (6‘i a helium nucleus, (c) an oxj’gen nucleus. Consider only head-on elastic col- 
lisions. Compute the velocities of the alpha particle itself and the other nuclei after 
the collision using the results and the notation of Prob. 14.1. 

21.7. Equilibrium concentration of radori. Compute the number of atoms and the 
mass of radon in equilibrium with 1 g of radium. Given the atomic w^eights and half- 
lives (Ra 226, 1,590 j^'ears: Rn 222, 3.S2 days). 

21.8. Activity expressed in curies. After a certain nuclear reaction (see Chap. 22) 
radioactive sodium nXa^^ is found with an activity of 0.01 millicurie and a half-life of 
14.8 hr. Compute the disintegration constant X, the number A" of sodium atoms present, 
and their total mass. 

21.9. Number of disintegration processes in a radioactive series. In the actinium- 
uranium series gradually disintegrates into wPb®®^. How’ many alpha and beta 
particles are emitted by any atom when going through this series? 

21.10. Sharp-line beta spectrum. The beta spectrum of radium consists of three sharp 
lines with the energies 87,500; 170,000; and 184,000 ev, respectively. Assume that these 
lines are due to internal conversion of a gamma-ray quantum liberating an electron 
from the K or the L or the AI shell. The respective energies of liberation are given by 
the X-ray absorption limi ts as 97,500; 17,200; and 3,500 ev. (It is assumed that the 
alpha emission associated with the gamma emission produces a radon nucleus; hence 
these energies are taken for radon instead of radium although this distinction is hardly 
noticeable.') Compute the energj^ and w’ave length of the gamma ray. 

Co.mment: The consistency of the result, within the limit of error, confirms the ex- 
planation of the beta rays as due to internal conversion. 
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During the Middle Ages the search for gold was an outstanding incentive 
for research in chemistry. The conversion of a common metal into gdii 
was the chief aim of many medieval alchemists. This problem has been 
solved only within the past decades though at a scale too sTtiall to satisfy 
the fantastic hopes of the alchemists and with an effort and 
development far surpassing anything they could imagine. In the present 
chapter we shall follow the historical development and begin with dis- 
coveries made wdthout the modern ma- 
chines for the production of high-energy 
particles. Then we shall describe these 
machines and the wealth of new results 
obtained by their application until, 
finally, in uranium fission, we shall come 
to the controlled production of nuclear 
energy. In o.\ploring this complex field, 
we keep in mind the same idea that 
guided us through all the preceding dis- 
cussions. We shall not accept merely 
on authority new conjectures like those 
of the mysterious propert ies of neutrons and fission but shall present system- 
aticallj' the experimental evidence and the arguments leading to such new 
concepts. Modem arguments are likely to be more involved than those oi 
fifty years ago, not so much by the application of mathematics as by the 
complicated set of experiments and inteipretations required to elucidate 
what happens in the nucleus. In several cases we shall follow the argu- 
ments given in the original papers. 

22.1. Discovery. In his numerous observations of alpha rays and that 
ranges (Sec. 21.2a) Rutherford (1919) occasionally found a very rare type 
of scintillation when the chamber was filled with nitrogen (Fig. 22.1). .Is 
the source R, emitting alpha rays, is gradually moved away from the 
fluorescent screen F, the abundant scintillations stop abruptly at the wdl- 
defined distance of 7 cm (which includes the air equivalent of the silver 
foil). Nevertheless some very rare scintillations continue for a distance i' 
large as -10 cm. Cloud-chamber pictures, too, show occasional tracks of 


Fig. 22.1. Rutherford’s discovery of 
the artificial transmutation of nitro- 
gen; chamber filled with nitrogen. S, 
silver foil; F, fluorescent screen; M, 
microscope; R, sliding holder of ra- 
dium sample. 
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lengths generated by alpha particles impinging on nitrogen 
nuclei iFig. 22.2), 

Wlial is the yiature of these rays of long range and ^vhat is their origin? 
The standard procedure (Sec. S.2; for a determination of the specific charge 
and velocity cannot be applied to these rays because it applies onl}' to 
ray.s that originate from a well-defined spot like a glowing filament while 
these new rays start any^vhere in the volume of the chamber. Therefore, 



Fig. 22.2. Cloud-chamber photograph of the artificial transmutation of a nitrogen 
atom by an alpha particle. {Courtesy of P. M, S. Blackett and Proceedings of the Royal 
Sorktij.) 

a less straightforward line of argument must be used. The rays are recog- 
nized as consisting of jast protons (1) by their long range and (2) by their 
cloud-chamber tracks which are less dense than those of alpha rays 
;Sec. 21.2a). By experiments with artificially produced fast protons a 
relation between the range of protons and their initial velocity has been 
found (Sec. 21.2a). Hence the range observed in Rutherford s experiment 
can be taken to indicate the velocity. This complicated argument is con- 
firmed by the deflection of the rays in a strong magnetic field. Here the 
cloud-chamber tracks indicate the positive charge of the particles and con- 
firm the value of e )x as that of protons when their velocity is derived from 
their range as just mentioned. Thus there is no doubt about the ?iatur€ of 
the rays: they consist of fast protons generated somehow by alpha rays 
passing through nitrogen. 

Regarding the origin of the rays, one may suspect that the nitrogen con- 
tains traces of gaseous hydrogen as an impurity and that these rays of 
long range are due simply to impacts of alpha particles on hydrogen 
nuclei (similar to that sho^Mi in Fig. 21.6a). This trivial e.xplanation, 
however, cannot be correct for two reasons: (1) The same alpha rays when 
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passing through hydrogen produce proton rays of much shorter range, onlv 
up to 28 cm instead of the 40 cm characteristic for the new rays observed 
here (both figures for rays ejected forward). (2) The ordinary elastic col- 
lisions, like collisions between billiard balls, necessarily cause the particle to 
be ejected with a, forward component whereas the cloud chamber shows the 
surprising fact that in nitrogen some of the protons are ejected 
and even backward (Fig. 22.2). These arguments prove that the protons 
ejected are not due to hydrogen present as an impurity but to a funda^ 
mentally new process. 

We continue by quoting Rutherford’s paper (1919) : 

From the results so far obtained it is difficult to avoid the conclusion that the 
long-range atoms arising from collisions of alpha particles with nitrogen are not 
nitrogen atoms but probably atoms of hydrogen .... If this be the case, we must 
conclude that the nitrogen atom is disintegrated under the intense forces developel 
in a close collision with a swift alpha particle, and that the hydrogen atom wHch 
is liberated formed a constituent part of the nitrogen nucleus . . .. The results 
as a whole suggest that, if alpha particles — or similar projectiles — of still greater 
energy’' were available for experiment, we might expect to break down the nuclear 
structure of many of the lighter atoms. 

Since the proton is observed with considerably higher kinetic energy 
than it could receive in an ordinary collision with an alpha particle, one 
must assume that the alpha particle and the nitrogen nucleus form a ‘‘com- 
plex ” containing, as internal energy, most of the kinetic energy of the im- 
pinging alpha particle. (Not all the kinetic energy of the alpha particle 
is transferred to internal energy because of the conservation of momentum; 
see Prob. 22.7.) This energy content immediately breaks up the complex 
into and iH^ Since the probability of this process is very small in- 
deed, the amount of hydrogen produced is far below the chemically detect- 
able limit. Only one alpha particle in a million gives rise to the ejection 
of a proton. 

What happens to the alpha particle and the nitrogen nucleus in this 
collision? The cloud-chamber pictime gives the answer (Fig. 22.2). It 
shows only two tracks after the collision process: the light track of the 
proton and a heavy track that must be attributed to the other nuclear 
masses sticking together. Simple arithmetic shows that combining 
with eHe^, after losing iH^, forms t.e., the nucleus of a rare isotope of 
oxygen. For the sake of computation it is convenient to introduce an 
intermediate particle called the “compound nucleus” which would result 
if the projectile oHe^ and the target should actually stick together. 
This would be the rare, fluorine isotope gF^® which, instead of having a 
stable nucleus, would have a nucleus endowed with high energy and thus 
would immediately split into and 
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In summary then we have the result that a fast helium nucleus colliding 
with a nitrogen nucleus may produce a transmutation, knocking out a 
hydrogen nucleus and combining itself with the residual to form oxygen 
Rutherford made this great discover^" also with a strikingly simple 
technique involving the painstaking scrutiny of scintillations. 

Rutherford and his collaborators extended the search for nuclear trans- 
mutations to other elements which they subjected to bombardment by 
alpha particles. Most of the lighter elements show corresponding effects. 
It is easily understood why the effect cannot be obtained with heavier ele- 
ments. Their nuclei, because of the higher positive charges, repel the 
alpha particle, itself a positively charged body, so strongly that the ap- 
proach is never close enough to lead to a nuclear reaction. This is a general 
limitation on the effect of charged projectiles on nuclei, the heavy nuclei 
!)eing protected by such an electrostatic barrier. 

22.2. Neutrons, a. Discovery of Neutrons, In 1932 and 1933 four im- 
portant discoveries, initiating a new epoch in nuclear research, followed 
each other within a short period. They are the discoveries of the neutron, 
the positron, artificial radioactivity, and nuclear transmutations by high- 
energy particles generated in machines. 

The ^scovery of the neutron by Chadwick (1932) is a direct outgrowth 
of the above-mentioned research into nuclear transmutations by alpha- 
particle bombardment. Beryllium, when bombarded by alpha particles, 
gives off a highly penetrating radiation (Bothe, 1930) which at first was 
considered to be identical with gamma radiation knoum in 1930 to have 
by far the greatest penetrating power. In the foUo^nng year Irene Curie 
Joliot and F. Joliot made the striking observation that the ionization 
chamber in which the beryllium rays” are recorded shows an increased 
effect when paraffin or other matter containing hydrogen is placed, like 
an absorber, in front of the \\dndow of the ionization chamber. They 
interpreted this effect by assuming that the ber 3 ’’llium rays have the un- 
expected power of ejecting fast protons from the paraffin and that these, 
in turn, enhance the ionizing effect observed in the chamber. For the 
process of ejection they assumed that gamma-ray quanta constituting 
the berj’llium ray exert a Compton effect on the protons contained in the 
paraffin. It is true that the original theory of the Compton effect has 
been introduced for a different problem, the collisions of quanta and 
electrons. But there is no reason wh 3 ’’ the same theory should not applj^ 
to the collisions of quanta and protons. 

The starting point of Chadwick's discoveiy’- was an intrinsic contradic- 
tion to which this interpretation leads. The difficulty becomes evident 
from quantitative considerations as follows. The “recoil protons” are 
observed to be ejected with a kinetic energy of 5.7 jMev (inferred from 
their range in air). How large then is the gamma-ray quantum Avhich, 
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Compton effect, would transfer so much energy to the proton? Tht* 
answer is derived from the theory of the Compton effect simplified by thf* 
special assumption of a head-on collision, in other Avords, of a collision in 
which all motion occurs in a straight line. This computation (see Prob 
22.1) gives the maximum kinetic energy transferred to the mass m by tb 
quantum hv as 

]Y =- -■ 

For our special case the energy of the quantum hv is computed as 55 Mev. 
The numerical A^alue of this energy is unexpectedly large and difficult ii 
reconcile with the energies stored in light nuclei according to Aston’s cun> 
of packing fractions. Here Ave shall not discuss Chadwick’s detaflei 
estimates. 

The contradiction, howeA^er, becomes manifest Avhen we perform tb? 
same experiment and computation for the case of 7iitrogen instead of hy- 
drogen. Here the range of the nitrogen “recoil ions^’ produced by the 
beryllium radiation indicates their kinetic energy as about 1.2 ]Mev. Tlie 
corresponding energy of the hypothetical impinging gamma-ray quantum 
is computed as 90 Mev. This is the same quantum Avhich when passim! 
through hydrogen seems to contain only 55 Mev. In order to avoid thfc 
contradiction, ChadAvick adopted an entirely different hypothesis about 
the nature of the radiation. He continued as follows: 

If we suppose that the radiation is not a quantum radiation, but consists uf 
particles of mass A^ery nearly equal to that of the proton, all difficulties connectei 
vith the collisions disappear, both Avith regard to their frequency and to the enei^gj’ 
transfer to different masses. In order to explain the great penetrating power oi 
the radiation w e must further assume that the particle has no charge. We may 
suppose it to consist of a proton and an electron in close combination, the '‘neutron'* 
discussed by Rutherford in his Bakerian Lectoe of 1920. 

Next, on the basis of the obserA’'ation just cited, ChadAAuck computed for 
this hyT)othetical neutron the mass and velocity that would giA-e the olv 
served energy transfer in the tAvo collisions reported. The result of the 
computation (to be performed by the reader, see Prob. 22.2) is 

Mass of neutron = 1.16 X mass of proton 

This result satisfactorily^ proA^es that the contradiction mentioned above 
is removed AA^hen the highly penetrating “beryllium radiation” is assumed 
to consist of neutral particles of nearly the mass of the proton. This then 
AA^as the discoA'ery of the neutron. 

The great penetrating poAA'’er of the neutron is explained by its lack oi 
charge, Avhich makes it AA’holly insensith^e to the close approach of an 
electron or any nucleus, in contrast to the alpha particle AA'hich, at some 
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distance from a heavy nucleus, is deflected by the strong Coulomb repul- 
'!ion (Cliap. 14). In our schematic wu}', the production of neutrons is 
written as 

4Be« + aHe^ -v -f 


As in a preceding example the ^‘compound nucleus'’ eC^" is not observed 
hut only computed as the unstable particle which immediately splits up. 



Fig. 22.3. Tracks of recoil protons. The protons are hit by neutrons coming from a 
source at lower right corner. {Coufiesy of P. I. Dee and C. TT. Gilbert,) 

The cloud-chamber photograph (Fig. 22.3) confirms the assumption that 
the neutrons kick the protons, and the proton tracks cause the ionization 
measured. WTien the cloud chamber is filled with CH 4 and subjected to 
neutron bombardment, the short, straight tracks of recoil protons show 
up and their preference for a forward velocity is noticeable. (The neutrons 
come from the lower right corner.) 

Comparison of cloud-chamber photographs shows a striking contrast 
between the various types of radiation. Alpha and beta rays, protons, 
all other nuclei, and electrons form ^'ionizing radiations”; for these the 
whole track of the individual particle is visible. On the other hand, 
neutron rays and gamma rays are called “nonionizing radiations” since 
most of them pass unnoticed through the cloud chamber. Gamma rays 
will only occasionally ionize a molecule and are then noticed by the crooked 
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tracks of the secondary electrons so produced (Fig. 21.11). Very different 
is the picture due to a beam of neutrons passing through a hydrogen (or 
methane-)-filled cloud chamber (Fig. 22.3). Only the tracks of the recoil 
protons appear while the neutrons, kicking the protons and bouncing og. 
do not leave tracks. 

In surveying the discovery of neutrons, we remark that Chadwick’^ 
argument is more involved than any preceding argument we have di,^ 
cussed in that it presupposes cloud-chamber measurements and their in- 
terpretation, the laws of impact as applied to atoms, and the theorj' o: 
the Compton effect. Chadwick’s discovery turned out to be most fruitful 
and is amply confirmed by the numerous effects ascribed to neutrons, 
finally leading to uranium fission (Sec. 22 . 8 ). 

b. Neiitrojis as Building Blochs. The ejection of neutrons from nuclei 
suggests the hypothesis that the neutron is one of their common constitu- 
ents. If so, all nuclei may be thought of as consisting of protons and neu- 
trons, the number of protons being identical with the atomic number, anii 
the sum of protons and neutrons representing the mass number. (Other 
arguments leading to the same hjrpothesis are concerned with the magneti 
moments of the constituent particles, which we shall not discuss.) The 
alpha particle, because of its great stability (Sec. 22.4), would presumably 
play the part of an intermediate building block in which 2 protons and 
2 neutrons are firmly bound together. This picture agrees well with the 
nuclear reaction that has led to the discovery of the neutron; 4 Be® + 2 He- 
may form 3 alpha particles sticking together as and 1 neutron which 
is thrown out. 

The isotopes of all elements are represented conveniently in a diagram 
wherein the number of neutrons (mass number — atomic number) is plotted 
against the number of protons. (This is similar to the diagram plotting 
the mass number against the atomic number. Fig. 21.14). Figure 22.4 
shows this diagram for the light elements. Many stable, light nuclei are 
located on the 45-deg line, indicating equal numbers of neutrons and pro- 
tons, like iH®, oHe**, eC^^, sO^®, loNe^. The heavier elements, however 
contain more neutrons than protons. The most common isotope of thi 
heaviest element known in chemistry, 92 X 1 ^, has 146 neutrons and only 
92 protons. One ma y suppose that here the strong electric repulsion tend- 
ing to break up the protons is ov ercome b y a binding force due to tk 
neutrons, which is not known in detail. This diagram is commonly use! 
for representing the results oraTHficial transmutations. The reader \riL 
easily find on the diagram the steps representing spontaneous alpjja 0 : 
beta emission or, say, the neutron ejection from a berylliun^ atom whici 
in the same process, combines with an alpha particle. 

The simplest nucleus beyond the proton is the deuteron. Here tk 
nuclear binding force is explained by the “exchange force acting between 
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a proton and a neutron (He isenber g). The theory predicts that, when a 
proton and a neutron are close together, the charge cannot be attributed 
to one or the other partner but may be found near either one of them 
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Fig. 22.4. Isotopes of the light elements. □ stable isotope; O unstable isotope. The 
unstable isotopes below the stable ones are positron emitters; those above the stable ones, 
ekctron emitters. 


with equal probability; hence, on the average, it cannot be told which 
particle is the neutron and which the proton. Furthermore, it is theo- 
retically predicted that this easy exchange is responsible for a force holding 
the proton and neutron together. This argument explains the formation 
of the deuteron and plays a part in heavier nuclei. Recent experiments 
on the scattering of neutrons by protons (not to be discussed here) confirm 
this theoretical picture. 
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c. Atomic Weight and Binding Energies. How can we determine tht 
atomic weight of the neutron more accurately than it was crudely done 
above on the basis of collision experiments? The chemical methods faS 
because we cannot produce neutrons in bulk. The method of electric and 
magnetic deflections fails also because the neutron is not affected by such 
fields. Instead, its atomic weight has been determined by a thorough 
examination of the deuteron, i.c., the heavy hydrogen nucleus, in which 
1 prbton and 1 neutron are bound together. The atomic weight of the 
deuteron and the proton are known with very high accuracy by Bain- 
bridge’s analysis carried out with the mass spectrograph. The difference 
between the two gives the ysxlne of nearly one for the neutron; but this 
value is inaccurate because the atomic "weight of the deuteron is reduced 
by E/c^ where E is the energy of formation (Sec. 20.4). In other cases 
(Prob. 20.4) w'e computed the energy E from the masses of the partncR 
and the resulting nucleus; here, on the other hand, the mass of one partner 
is the unknown and what w^e need is an independent determination of the 
energy of formation E. 

This is supplied by a new obseiv’’ation. It has been found that gamma 
raj^s when passing through a cloud chamber filled wuth deuterium produce 
characteristic single tracks of a w^ell-defined length. They are explained 
as follows. The deuteron consists of a proton and a neutron bound to* 
gether. Assuming that the gamma-ray quantum separates the deuteron 
into its constituents by “nuclear photoelectric effect,” w^e expect to seethe 
track of the proton only since the neutron is nonionizing (see Sec. 22.2a and 
Fig. 22.3). Nevertheless, the track of the proton gives evidence as well 
of the neutron which shoots aw^ay invisibly in the opposite direction. (Only 
these two particles must be considered in the conservation of momentum 
since the momentum hv/c of the gamma quantum is negligible.) The 
numerical data are as follow's (see Prob. 22.3) : The energy of the gamma- 
ray quantum emitted from thorium C” is known to be 2.65 Mev. This 
energy is partly consumed for the disintegration of the deuteron; in addi- 
tion, it produces a proton track in the deuterium-filled cloud chamber 
w'hich, by an extra calibration, indicates a proton energy of 0.25 Mev. 
The invisible neutron is supposed to carry aw'ay the same energy. Hence 
the energy of disintegration E of the deuteron foUow's from the energj’ 
balance 

Quantum = + 2 X kinetic energy of proton 

E becomes 2.15 Mev. This figure enables us to state the mass balance 
for the disintegration process, keeping in mind that w'e add energy to the 
deuterium in order to take it apart. 

E 
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Ii is convenient to rewrite the same equation in terms of atomic weights, 
reraembeiing that 931 Mev is the energ 5 " equivalent of 1 atomic weight 
unit. The atomic weights taken from Appendix 5 (iiicluding a minor 
correction) give an atomic weight of the neutron = 1.00S94. (On the basis 
of this result the lack of stability of the neutron is computed in Prob. 22.4.) 

Once we know the atomic weight of the neutron, we can compute the 
energies of its binding to other nuclei from the pacldng fractions of the 
various isotopes. The smallest energy of binding (1.6 Alev) is found in 
ber\dlium when we compare 4 Be® 
an(i 4 Be®. This low value explains 
the fact that beryllium, under alpha 
bombardment, gives a more copious 
supply of neutrons than any other 
element. I n the heavier nur^leijhe 
bin dihg en the 
order (rf 5 Ato ". 

22.3. Positrons. Before studying 
neutron reactions and artificial 
radioactivity, we complete our sur- 
vey of the elementary particles. We 
study next the discovery of the posi- 
tron which originated from an 
entirelv different group of experi- ^<5. 22.5. The discovery of the positron 
ments.' In Chap. 24 we shaU discuss ^ 5 ’; Person. (.CourUay of C. D. 
cosmic rays. These are highly pene- 

trating rays of unknovm origin traveling through the cosmos, producing 
secondary particles in air and, in particular, in heavy materials like the 
wall of a cloud chamber. Figure 22.5 shows a famous cloud-chamber pho- 
tograph from which C. D. Anderson (1932) inferred the existence of a new 
particle. When the picture was taken, there was a magnetic field perpen- 
dicular to the face of the chamber bending the tracks of the particles. The 
new particle traverses a 6-mm-thick lead plate placed across the chamber, 
and so gives evidence of an extraordinaiy energj^ The photograph also 
shows that the magnetic field curv^'es the track more strongly above than 
below the lead plate. This indicates that the particle above the plate is 
slower than below. Since the lead plate can only slow the particle down, 
this must be assumed to come from below and to be a secondary liberated 
from the bottom of the cloud chamber by a cosmic ray. The density of 
the cloud track and the penetrating power through metals are the same as 
for very fast electrons. 

The strangest feature of the track is that the sense of its curvature com- 
bined with the direction of the magnetic field (directed into the paper) 
indicates a positive charge. Thus this simple picture represents the im- 
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portant discoveiy of a positively charged particle having the same 
power as the electron. This particle is called the “positron.” 'When 
attribute to it the specific charge of the electron, its initial kinetic enerev 
amounts to 63 Mev. Another very significant photograph is shown ' 
Fig. 22.6; hei-e a cosmic ray ejects both electrons and positrons from th 
same spot of the wall, both producing tracks of equal density but on. 
positely curved. As a final convincing proof of the existence of positron? 
it was soon found that artificial transmutation generates radioactive 

topes of many elements, which give rise to a 
copious supply of positrons (see Sec. 22.4). 

With the discovery of the positron we ate 
embarrassed by having too many elemental 
particles at our disposal. We may aagnma ti,j 
neutron and positron to be elementary and the 
proton to be a combination of the two. Or 
else, we may take the proton and negative eko- 
iron as elementary; then their combinati® 
would give the neutron. We have no way <£ 
deciding between such alternatives. One can- 
not even be sure whether such a distinct!® 
^ significance since a combination or 
separation of these various particles may wdl 
occur within a nucleus built of protons and 
neutrons when it emits either an electron or a 
positron. Thus this emission would be com- 
parable to the emission of a light quantum 
from anl atom since this quantum is also not supposed to exist as such in 
the atom. 

Since we have unambiguous evidence for positrons and electrons, we 
may ask, for the sake of sjnmmetry, Avhether the well-known proton has 
its coimterpart in a negative proton. No conclusive experimental evidence 
of such a particle has been published. 

22.4. Artificial Radioactivity; Neutron Reactions. Artificial radio- 
actmty has been discovered by the same type of experiment that Ruther- 
ford performed to produce the first artificM transmutation, i.e., bombard- 
ment of light elements with alpha particles. Later the experiments were 
vastly e.xtended by using as projectiles neutrons, w'hich themselves were 
produced by alpha-particle bombardment. At about the same time the 
machines to be discussed in the next sections produced a wealth of new 
radioactive isotopes due partly to the use of other projectiles, partly to 
the rose of projectiles with higher energies than those available in natural 
radioactivity. Here we shall describe at some length examples of the 
methods for analyzing these reactions and their products. Later, in dia- 



Fig. 22.6. Production of two 
positron-electron pairs in the 
wall of the cloud chamber. 
{Courtesy of C. D. Anderson 
and S. H. Neddermeyer.) 
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cursing the work done with the cyclotron, we shall only summarize the 
results. 

Irene Curie Joliot and F. Joliot (1934) disco\'ered that several light ele- 
ments, after being bombarded with alpha particles, remained radioactive 
after the bombardment; their activities follow the same exponential law 
of decay as those of natural radioactive elements. An example is aluminum 
t.,Al^ which, at the time of alpha-particle bombardment, gives off neutrons 
(observed in a boron-lined ionization chamber, see below). Simple arith- 
metic suggests the following nuclear reaction : 

laAl^ + oHe" (isPO -- 15?®^ + 

where the compound nucleus senses onlj^- for an intermediate step of 
the computation. But here, in contrast with the bombardment of beryl- 
lium (Sec. 22.2a), it is found that the- piece of metal remains radioactive after 
the bombardment and decays with a half-life of 2.5 min. The magnetic 
deflection of the particles emitted shows that they are positrons. Chemical 
separation of aluminum and phosphorus leads to a fraction containing the 
phosphorus in which all the activity is concentrated and so confirms the 
reaction scheme suggested. 

Here we meet again the chemical problem that plays so great a part in nuclear re- 
search, the separation of neighbors or near neighbors in the table of elements. Special 
techniques had to be developed because only an exceedingly small fraction of the atoms 
of the original element suffer transmutation. 

The emission of positrons from the radioactive isotope isP®®, which is 
produced here, changes it into a stable isotope, namely wSi®®. The Joliots, 
discovering more processes of the same kind, "produced several artificially 
radioactive isotopes of the light elements. 

A much greater variety of such isotopes covering the w^hole periodic 
table has been produced by neutron bombardment (Fermi and collab- 
orators, 1935). Instead of giving the long list of all neutron reactions, 
which may be found in special treatises, we shall discuss one reaction in 
detail in order to make clear the obser\^ations and arguments that lead to 
the final reaction scheme. 

Pure aluminum, isAl^’', is bombarded by neutrons generated in a radium- 
berjdlium source as described in Sec. 22.2a. The electroscope shows that 
the piece of metal stays radioactive when the neutron source is removed 
and that it decays with a half-life of 14.8 hr. The activated metal is sub- 
jected to various chemical separations which separate any adjacent ele- 
ment from aluminum. Thus it is found that the active element is not 
aluminum itself but sodium. Since sodium has an atomic number (11) 
smaller by 2 than that of aluminum (13), we infer the ejection of an alpha 
particle. This process must be connected with a loss of mass number by 4, 
thereby leading to the mass number 24 of the active sodium. Now we are 
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able to wTite the nuclear reaction introducing, for the sake of conveniencp 
the compound nucleus as an intermediate body 

13AI27 + (13AI28) iiNa 24 + sHe^ 

Conventionally this scheme is writfen in the abbreviated form 

i3A127(n, a) uNa24 

writing in the parentheses first the projectile, then the particle knocked out 
The process is called a neutron-alpha reaction.” 

A separate problem is presented b^^ the properties of the radioactivt- 
iiNa®^. With a half-life of 14.8 hr it emits electrons and so changes iut., 

the element Avith a nuclear charge largti 
by one, This final product fc 

known as a stable magnesium isotope 
In all later investigations of the neigh 
bors of sodium, a half-life observed 
14.8 hr (combined with electron emi^ 
sion of a certain penetration) serveii. 
'without further chemical analysis, asut 
unambiguous test for the presence ui 

The neutron-alpha reaction does not 
necessarily generate a radioactive is<«- 
tope. For example, the reaction 
(Uj a) sLf results directly in the forma- 
tion of a stable isotope. This reaction. , 
having a high yield, is of practical interest since it is commonly used as a ' 
test for neutrons. A boron-lined” ionization chamber responds to neu-i 
trons by the emission of alpha particles which, in turn, produce ionization. 
This device is particularly effective for slow neutrons (see below). 

In another type of neutron reaction a proton is ejected instead of an 
alpha particle. In the same experiment one or the other reaction may be 
induced by neutron bombardment. In aluminum just considered, under 
neutron bombardment, the alternative reaction is 

isAl^^ (n, p) i 2 Mg 2 ^ 

The probabilities of the various reactions depend upon the neutron velocity. 
The product nucleus is heavier than all stable magnesium isotopes. After 
a certain half-life it changes by electron emission into the stable isAl^* 
Figure 22.7 shows tjT)ical cloud-chamber tracks due to neutrons im- 
pinging on nitrogen. The neutrons themselves, coming from below, do 
not leave tracks. Nevertheless their momenta show up in the fact that 
the two particles produced in the nuclear reaction have upward components 
of momentum. (If the impinging neutron should have no momentum. 


Fig. 22.7. Disintegration of a nitro- 
gen nucleus by a neutron (no track) 
into an alpha particle (long track) and 
a boron nucleus (short track). (Cour- 
tesy of N, Feather and Proceedings of 
the Royal Society.) 
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the Iwj particles formed in one reaction would part along a straight- 
line.,) 

The most important neutron reaction is neutron capture. Here simply 
an isotope of higher mass number is generated, ^Yhich may be stable or 
unstable. This reaction which is most probable for slow neutrons may 
occur with aluminum, too. By the capture of the neutron, its binding 
energy becomes available and thus provides energ\' for the emission of a 
gamma ray. Hence the reaction is written 

isAl^ {n, 7) 

The product nucleus isAP® is radioactive, emitting an electron and so 
changing into the stable silicon isotope uSP. Electron emission is typical 
for tlie product of neutron capture if the nucleus so produced has a neutron 
in excess of a stable number. One may visualize that in tliis unstable 
nucleus a neutron, after a certain lifetime, spontaneously changes into a 
proton by ejecting an electron that is obsen^ed. 

In many other cases the product of neutron capture fails to show any 
radioacti\ity. Then one must conclude that one stable isotope has been 
transformed into another stable isotope of the same element with an in- 
crease of mass number b}’’ one. In such cases the binding energj^ of the 
neutron which is made available by its capture is emitted as a gamma-ray 
quantum. An intermediate case is given by the natural radioactivity of 
potassium which stands isolated among the lighter elements not being a 
member of one of the radioactive series (Sec. 21.4). It may have been 
induced in preterrestrial times by the reaction 

{n, 7 ) 

The product igK^ is an electron emitter of such a long half-life (of the order 
10® years) that a very small abundance has survived up to the present time. 

Neutron capture differs from other neutron reactions in that slow neu~ 
irons are most effective. We can predict how to produce slow neutrons. 
The discovery of neutrons (Sec. 22.2a) is based on the fact that the neu- 
trons, ejected with high speed from the radium-beryllium source, readily 
transfer their kinetic energy to protons. Hence, when passing through a 
thick layer of water, the neutrons finally slow down to the average kinetic 
energy- associated with room temperature. Such thermal neutrons” are 
still effective for neutron capture and in most cases even much more ef- 
fective than fast neutrons. For example, neutron capture by silver is 
forty times as effective for thermal neutrons as for fast neutrons. Uranium 
fission will present another example of the high activity of thermal neu- 
trons (Sec. 22.8). 

Neutron capture may serve to remove free neutrons that are produced 
in large quantities in the cyclotron or the pile (see below). The protons, 
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in water, which effectively slow down neutrons, may finally capf^yr 
them in the reaction iH^ (n, 7 ) iH^, producing deuterons and emitting a 
gamma ray. This process, however, has only so small a probability that 
the neutron, after being slowed down, may make, say, a hundred colliaon; 
with protons before capture occurs. The most efficient trap for thermal 
neutrons is cadmium. Its technical importance will be mentioned in the 
discussion of the uranium pile (Sec. 23.2). 

After discussing the outstanding neutron reactions [schematically called 
(n,a), (n,p), and {n,y)]y we compare the two processes by which m 
have learned to induce radioactivity, alpha and neutron bombardment. 
Neutrons are the much more efficient projectiles because, even when slow 
they are able to approach any nucleus, light or heavy, without having to 
overcome the Coulomb repulsion. Alpha particles, on the other hand, 
are so strongly repelled by the heavier nuclei that particles emitted from 
naturally radioactive sources (energy < 9 Mev) fail to produce reactions 
in elements heavier than calcium (atomic number, 20 ). Another differ- 
ence is due to the type of radioactivity induced. Neutron bombardment 
produces electron emitters (except if the impinging neutron knocks out two 
of the bound neutrons), while alpha bombardment leads in some cases 
to electron emitters, in other cases to positrofi emitters. What is the general 
rule predicting the type of emission? The tendency is the same as men- 
tioned before, i.e., toward the ultimate formation of the most stable con- 
figuration. In the diagram of Fig. 22.4 the unstable isotopes are indicated 
by circles. The diagram represents electron emission by a transition to a 
neighbor downward to the right and positron emission correspondingly wp- 
ward to the left. Hence all products of neutron bombardment, being located 
above the stable isotopes come down by electron emission. However, an 
example of positron emission is given by 15 P®® which is located below the 
stable isotope. 

Also consistent with the above scheme for the formation of stable iso- 
topes is the ability of the nucleus to capture one of the K electrons instead 
of emitting a positron. By either of these processes, the nuclear charge 
is reduced by one. K-electron captui*e is made evident by the subsequent 
X-ray emission caused by the empty place in the K shell. Heavy nuclei 
show K-electron capture in preference to positron emission since their large 
nuclear chai’ges are responsible for a close approach of the K electrons: 
correspondingly, light nuclei prefer positron emission. The tendency to- 
ward the most stable configuration will also decide the alternative between 
electron or positron emission in the numerous cases of artificial radioactmtj* 
induced in the cyclotron and other machines (Sec. 22.6). 

22.6. Annihilation of a Pair; Pair Production. One may ask: Why ait 
not positrons observed more often? The answer is that they readily com- 
bine with electrons when passing through matter. In this process a large 
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amoinit of energy becomes available, and one may guess that this energy 
u'ill be transformed into radiation. The energy available is simply com- 
puted on the basis of Einstein’s principle assuming that, in addition to 
the kinetic energy of the tv’o particles, twice the mass of the electron is 
pxcliangecl into energy. This “annihilation’* contributes an energy of 
1.02 Mev. Theoretically, however, one should not expect to observe onlj' 
one gamma-ray quantum of this energy for the following reason. Suppose 
that 1 positron and 1 electron, both with negligible kinetic energy, come 
together. Since the}’ do not have any appreciable linear momentum, their 
exchange into a gamma-ray quantum, which has a momentum /u'/c, would 



Fig. 22.8. Coincidence counter; schematic diagram of two Geiger-Miiller counters 
connected in series. L, loud-speaker; R, high resistance: Ej source of 4,000 volts; P, 
positron emitter. Coincidences are due to two gamma-ray quanta emitted by the 
annihilation of a j^ositron-electron pair. 

violate the law of conser\’ation of momentum. However, the momentum 
is conserved when the total energy available is divided up into two equal 
quanta emitted in opposite directions. \Miat appears to be a bold specula- 
tion, here finally leads to the prediction of a gamma radiation that can 
easily be checked by observation. Actually, when positrons are incident 
on matter, gamma radiation of the predicted energy is observed and found 
to be independent of the target element. Thus, these gamma rays give 
evidence of annihilation of a pair. As a matter of fact gamma radiation 
of just 0.51 jMev is observed, indicating that annihilation is most probable 
for slow positrons and electrons. 

Another experimental test of this speculation lends itself to a lab- 
oratory experiment. It is based on “coincidence counting,” the essential 
idea of the apparatus being the combination of two Geiger-iliiller tubes 
in series, as in Fig. 22.8.* ^Mien only one tube is made conducting b}’ a 
gamma-ray quantum, the other tube still blocks the current. Only when 
both tubes are made conducting simultaneously will the loud-speaker or 
tlie mechanical recorder respond. (This may be accomplished, for ex- 
ample, by a cosmic ray that is hard enough to shoot through both counters; 

'“The technical circuits, which are much more involved, are given in the book of 
J. Strong, see footnote, Sec. 21.2a. 
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see Chap. 24.) In our experiment, coincidences are counted when tU 
positron source is placed between the counters so that both will be triggereii 
by the two quanta emitted in opposite directions. may serve as % 
positron emitter. Some of the positrons are annihilated by electrons 
the piece of metal. The experiment actually shows the predicted coinc:". 
dences and so confirais the occurrence of annihilation. 

While, in the annihilation process just described, mass is transformei 
into radiation, in the reverse process radiation is transformed into mas« 
This process, the production of a positron-electron pair by a gamma-iav 

quantum, has also been observed. It 
does not happen without the presence 
of matter and it turns out that heaw 
matter is most effective in pair produc- 
tion. According to the preceding argu- 
ment, the gamma ray must have a 
minimum energy of 1.02 Mev. An ex- 
ample is given by the cloud-chamber 
tracks of Fig. 22.9. They are caused by 
a hard gamma*ray quantum, itself non- 
ionizing, which in the air of the chamber 
produces a positron-electron pair. The 
momentum of the quantum coming 
from below is responsible for the up- 
ward momenta of the two particles 
generated. 

When gamma rays are passing 
through heavy matter, say, lead, pair 
production removes quanta from the 
ray and so is partly responsible for the absorption of gamma rays. Let us 
now suiwey the processes that cause absorption of gamma rays in heaw 
material like lead. The photoelectric effect (removal of a K electron, see 
Sec. 19.2c) is most effective for X-ray quanta of an energy just above the 
limit of the K series Avhich, for lead, is at 89,500 ev (or at a wave length 
of 0.138 X 10“® cm). The contribution of this effect to the absorption coef- 
ficient decreases with increasing energy of the quanta, hence is much smaller 
for gamma rays of higher energy. The Compton effect (Sec. 19. Ij) at- 
tenuates and scatters gamma-ray quanta as well as X-ray quanta, again 
with decreasing effectiveness when the energy of the quanta is increased. 
Finally, pair production begins to be effective for gamma-ray quanta at 
1.02 ]Mev; this is the only effect that is increasingly probable for increasing 
energ>^ of the quantum. As an example, Fig. 22.10 analyzes the absorption 
coefficient of lead into the various contributions. It shows that the toti 
absorption coefficient has a nnmimnm for gamma-ray energies of 3.5 Mev. 



Fig. 22.9. Pair production in the gas 
of the cloud chamber; gamma ray 
coming from below, (Courtesij of F, 
Joliot.) 
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The right branch of this curve, which goes up for high energies, is of im- 
portance for cosmic-ray research (Chap. 24). 

are used to the idea that energy stored in a particle, e,g,, a nucleus, 
increases its mass according to Einstein's principle (Sec. 20.4 ). Our present 
result, however, represents a still more radical \dolation of the age-old 
principle of conservation of matter. Here we explain certain observations 
by the complete annihilation of two particles creating radiation or, vice 
versa, the production of particles from radiation. All such processes are 



Fig. 22.10. Absorption of gamma rays in lead; comparison of the various processes. 

in accord with the principle of conservation of energy , provided the change 
of mass is taken into account according to Einstein’s principle. 

22.6. Machines for the Production of High-energy Particles. Since 
1932, amazing progress in research into artificial radioactivity has been 
made by the use of artificially produced fast particles. Fast protons and 
deuterons, Avhich are not emitted in natural radioactivity like alpha par- 
ticles, have led to numerous new reactions. Moreover, an energy range 
far exceeding that of natural radioactivity has been made accessible. 

a. Production of High Potential Difference, The first artificial transmu- 
tation performed with a machine was the breaking up of the lithium nucleus 
by Coekroft and Walton (1932). They used high voltages generated by a 
transformer and doubled by an ingenious system of condensers and rec- 
tifiers to provide a d-c supply of 700,000 volts. 

.Another powerful tool, described in elementary textbooks, is the \'an 
de Graaff electrostatic generator which generates up to about 12 jMev. 
Although it does not give energies so high as those provided by the ma- 
chines discussed below, it is of importance because it generates relatively 
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large currents of electrons or ions with sharply defined energies which atf 
used for an accurate determination of threshold energies in nuclear rea'^ 
tions. This technique meets with the outstanding difficulty that the C 
sulating property of the air breaks down at high voltages. However tfe 
di&culty has been partly overcome by the use of higher pressure of air or 
preferably, some other gas (Freon, CCUFa) which shows better insulatim 
properties. 

But energies of an entirely different order of magnitude are given to 
ions by machines in which the ions are accelerated many times in succfs. 
sion by the same moderate potential difference before they are tu 
bit the target. As outstanding machines of this kind, we shall describe 



Fio. 22.11. Schematic diagram of a linear accelerator. The [ions emitted from the 
source S are accelerated between the coaxial tubes in steps toward the target T. 

four types: the linear accelerator, the cyclotron, the betatron, and the 
synchrotron. For each machine we shall briefly describe the construction 
and the operation. 

b. Linear Accelerator, In the linear accelerator (Fig. 22.11) ions are shot 
in high vacuum do^vn the axis of a long row of coaxial metal tubes. The 
tubes are connected alternately with one or the other terminal of a high- 
frequency generator. Suppose an ion, emerging from an electric discharge 
(not on the diagram) arrives at the fhrst gap between two tubes at a mo- 
ment when the potential difference between these two tubes produces 
maximum acceleration of the ion. After this initial impulse, the ion takeri 
a certain time to travel from the first to the next gap along the axis of the 
metal tube, i.e., through a field-free region where its speed remains con- 
stant. During this time interval the polarity of the alternating current 
is reversed. Now if the tube's length is chosen properly, the ion 
arrive at the second gap simultaneously with a potential difference, which 
again gives it an acceleration. This proper length, which increases along 
the path of the ion, is readily determined for a particle of a given specific 
charge, from a relation betw’'een the frequency of the alternating current 
and the lengths of the tubes. It was with an accelerator of this tjT)e 
that Lawrence and Sloan (1931) succeeded in generating mercury ions oi 

205.000 volts while applying high-frequency alternating current of only 

10.000 volts. Present machines of this type have been vastly improved 
by the application of the microwave techniques developed for radar since 
the beginning of the Second World War. 
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tional to the rate of change of the flux Cor, if the iron is not saturated, the 
rate of change of the primary current), is responsible for the acceleration 
of electrons which emanate from a glowing filament and circle around the 
ring many times. Hence in the betatron the electrons are accelerated 
nnt in many steps as in the cyclotron but continuously as long as the 
primary current increases. Figure 22.15 shows the evacuated glass chamber 
built in the shape of a giant doughnut and placed between the pole pieces 
of a powerful electromagnet, which is designed for alternating cuiTent, in 
contrast to the magnet used in the 
cyclotron. The tAvo magnetizing 
coils are placed right above and 
below the vacuum chamber. 

We shall first write the expres- 
sion for the emf acting along the 
circle (keeping in mind that an 
electromotive force is identical 
with a potential difference, which 
here is acting over a cii'cle). The 
result will enable us to calculate 
the mechanical force accelerating the 
f ircirons along the circle. Our sec- 
ond .step will be the discussion of 
the centripetal force that prevents 
The electrons from brealdng aAvay 
from the circle. Third, by correlating the two arguments just given, we 
shall arrive at the condition for the tuning of the betatron. 

We consider electrons starting their journey at the instant when the 
oeriodic magnetic flux <t> goes through zero and its rate of change 
has its maximum value. Here the induced emf has its maximum, too, 
i-ecause, according to Faraday’s laAv of induction, emf = A0. (assuming 
absolute electromagnetic units). Since by definition the potential differ- 
ence for emf) equals electric field X distance, we compute the electric field 
E at the periphery of the circle (radius r) as 

E,= — = ^_L 

27rr At 2irr 



Fio. 22.15. Betatron. Magnet is laminated 
for use with alternating current. Ring- 
shaped vacuum chamber serves as a second- 
ary coil of one turn. Electron source and 
target are omitted. 


Now we express what we are interested in, the mechanical tangential force 
accelerating an electron emanating from the filament, as 


Because of the circular symmetry this force is e\'erywhere tangential to 
the circle. 

Here this problem differs from that of the secondary coil of a trans- 
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former. If an electron were subjected only to the tangential force ju.st 
computed, it would fly off along a tangent. Whereas in the wire of a 
transforaier the motion of the electrons is constrained, in the vacuum 
chamber nothing prevents them from going off tangentially to the glafit 
wall unless they are forced on a circular path by a centripetal force. This 
force is automatically supplied by the same magnetic field which represent? 
the flux; but here, to produce the centripetal force, the strength Hp at On 
periphery is effective while the induced emf computed above is determineii 
by the total flux <j> = w’here Hav is the average over the whole cross 

section. (We do not presuppose that the field strength is uniform over 
the cross section. ) The field strength Hp required to provide the centripetal 
force is given by the same equation that we used in the discussion of 
cathode rays (Sec. 8.2a), namely, 


hence 


Centripetal force 


r 


evHp 


Hp^ 


er 


It shows that Hp must be made proportional to the velocity v. 

Finally, in order to correlate the two arguments just given, we consider 
the motion of an electron which emanates from the filament when the 
flux <#> goes through zero and which starts its path wdth zero velocity. At 
this steepest part of the sine function we may consider the emf == 
as nearly constant over a small fraction of the full period. This leads to a 
constant acceleration and hence to a linear increase of the velocity v with 
time. This, in turn, requires a magnetic field Hp increasing at the same lin- 
ear rate to constrain the electron on the circle. Now we see the condition for 
the tuning of the betatron. The increasing magnetic field must simulta- 
neously fulfill both functions: speed up the electrons providing a tangential 
force and heep the electrons on a airde by providing a centripetal force. 
Mathematically this is expressed by the requirement that the equation for 
the tangential force and that for the centripetal force apply simultaneously. 

We argued that the magnetic field at the periphery Hp must grow at a 
rate that keeps it proportional to the average ffav. But must Hp be kept 
at the same strength as f/^v in order to constrain the revolving electrons 
on a circle? Suppose that the electromagnet provides an average magnetic 
field (responsible for the acceleration along the circle) varying at a rate 
AHav/^t Counting the time as zero when Hav goes through zero, then 
at the time At the field strength is A^av. In order to find whether the 
same field strength is suitable for constraining the electrons on a circular 
path, we first compute the velocity Av along the periphery acquired after 
the time At and then the required magnetic field Hp acting at the periph- 
ery. (We restrict our computation to the low- velocity range governed 
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bv Newtonian mechanics and report only that the final equation applies 
as well when the velocity of the electrons approaches that of light.; The 
force eE expressed above produces a uniform acceleration along the periph- 
ery (introducing the magnetic flmx <j> = 

Acceleration = — ^ 

m 2 At 

Tliis leads to a final velocity after the time Af, 

Ar = acceleration X A/ = - ^ AITav 

Hence the magnetic field Hp at the periphery must be 

_ /X Ay Ai?av 
^ €r 2 

The conclusion is that, for the operation of the betatron, the magnetic 
tield produced hy the large electromagnet must be far from uniform; at 
the periphery it must be half as large as on the average. This requirement 
is taken care of by the construction of the pole pieces. 

The desired acceleration of the electrons takes place only within less 
than one-quarter of each period of the alternating current. At the end 
of the acceleration period, a magnetic field, produced by a sudden con- 
denser discharge through an auxiliaiy coil, deflects the stream of electrons 
to a target which then emits X rays. 

;^^^jk-^nchrotro)i. During the development of large cyclotrons there was 
a period in which a limit to the accessible kinetic energy of the ions was 
forecast, based on the fact that the resonance condition gives a value of 
the a-c frequency without consideration of the theorj" of relativity. Hence, 
as soon as the increasing velocity of the ions becomes comparable with 
that of light, the relativistic increase of the mass does not permit an un- 
limited gain of the velocity and so causes the ions to fall out of step. The 
new technique that overcomes this difficulty consists of gradually slowing 
down the rate at which the dees change their polarity Avhen the velocity 
of the ions approaches that of light. In other Avords, frequency modula- 
tion is applied to the pow’er supply feeding the dees (Veksler, ilcjMillan 
1945). The frequency is changed so slowly, that during any half turn of 
the particle only a veiy small decrease occurs. The particle will ahvays 
arrive at the gap so early that it inins into an accelerating field and thus 
will gain a little energy. It is true that a part of each modulation period 
is wasted since the mechanism described generates surges of high-frequency 
particles only during the decrease of the radio frequency. But this part 
of a modulation period is long enough for some particles to perform ten 
thousands or hundred thousands of circles and so accumulate a high 
kinetic energy. 

It might be expected that this modulation must be carefully adjusted 
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ill order to compensate exactly for the relativistic increase of mass. This 
requirement, however, is not critical, as will be evident when we consider 
a special case. We start from the effect of relativity on the condition for 
tuning t = TTfx/H X € (see Sec. 22.6c). The angular velocity co follows as 
the ratio of the angle tt to the time / required to cover this angle co = r ! 
= H X e/fJL. This simple equation shows that the angular velocity is ‘m. 
dependent of the kinetic energy of the particle. In relativistic mechanics 
i.e., for linear velocities approaching that of light, the same relation holtk 
with the only modification that the mass ju of the particle (ion or electron) 
increases with the linear velocity (see Sec. 8.4). (Although the linear 
velocity of the particle is limited, there is no such limit for its kinetic energy.} 
Let us consider a charged particle that has a linear velocity in this high 
range and, during its i-evolution, is passing the gap between the dees at 
the moment of zero potential difference (different from the regular opera- 
tion of the cj^lotron) ; furthermore, we suppose that the electric field 
changing from acceleration to deceleration. In order to investigate the 
stability of its revolution, let us suppose that the charged particle amves 
at the gap too early so that it is accelerated with an increase in muss. 
Its angular velocity, according to the above equation, decreases. Hence 
the particle is a little late reaching the next gap so that, according to our 
assumption, it there runs into a decelerating field which has the effect of 
keeping the particle in step with the frequency of the alternating current. 
This example illustrates the ‘‘phase stability’^ of the particle (McMillan i. 

The principle just discussed, called the ‘‘sjoichrotron principle,^’ is based 
on Einstein’s theory of relativity. Therefore, it applies only to high- 
velocity particles that are initially accelerated by another device. Exam- 
ples are the large, modem cyclotrons in which, by frequency modulation. 
alpha particles of nearly 400 Mev are generated. Such machines are 
-also called “sjmchro-cyclotrons.’^ Since the speed of light is much more 
easily approached by the acceleration of electrons than by that of ions, 
the synchrotron principle is here of gi-eat importance. In large syn- 
chrotrons under constmction, electrons are either inj ected by an electron gun 
or are started by the preliminary operation of the machine as a betatron. 

22.7. Types of Nuclear Reactions. In a preceding section we first dis- 
cussed the nuclear reactions caused by alpha particles, which led to the 
discovery of artificial radioactivity, and then those caused by neutrons, 
which produced numerous, new radioactive isotopes all over the periodic 
table. A wealth of new processes and new radioactive isotopes has been 
discovered* by the application of projectiles accelerated in the machines 

complete survey of nuclear reactions has been given by J. Mattauch and S. 
Fluegge, “Nuclear Physics Tables and an Introduction to Nuclear Physics,” Inte^ 
science Publishers, Inc., New York, 1946. 
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just desf-ribed. The first progress in this field was made hy Coekroft and 
Walton il930j who used a proton beam. Their apparatus is described 
briefly in fSec. 22.6a, their choice of a target being obvious. Since protons 
cannot easily approach heavy nuclei because of the Coulomb repulsion and 
since the proton has no effect on other protons or helium nuclei, the authors 
used lithium, the third element of the periodic table, as a target. As 
products of the nuclear reaction, they found two alpha particles, recognized 
by their cloud-chamber tracks. Hence they attributed the effect to the 
heavy lithium isotope transformed by the proton in the reaction 
+ iHi (4Be^; .He" + .He" 

We are interested in the energy relation observed in this expeiiment, 
considering that in the present book we introduced the equivalence of 
mass and energy as a principle, f.e., as a statement that requires proof by 
further experiments (Sec. 8.4). The first experimental proof we found for 
this principle consisted of the mass increase of very fast cathode rays. 
We have taken the principle for granted when discussing the mass defects 
of isotopes. Here, finally, the experiments of Cockroft and Walton, in 
conjunction ^vith Bainbridge’s accurate determination of atomic masses, 
permit another check of the principle. Cockroft and Walton observed 
that bombardment by protons of 0.3 ]Mev kinetic energy causes the sLi’ 
nucleus to disintegrate into two helium nuclei of 8.4-cm range. This range 
indicates a kinetic energ;^^ of 8.6 Mev for each particle. The total kinetic 
energy so obsen^ed (17.2 Mev) is so much larger than the share supplied 
by the impinging proton (0.3 Mev) that most of the total (as much as 
16.9 Mev) is supplied energy stored in the nuclei. On the other hand, 
knowing ail nuclear masses (see Appendix 5), Ave predict the contribution 
of the nuclear energy on the basis of Einstein’s principle as 17.2 Mev (see 
Prob. 22.5). The agreement Avith the experimental A’alue of 16.9 is well 
within the limit of the experimental error. 

With deuteron bombardment Cockroft and Walton again found a pair 
of alpha particles and correspondingly explained the effect as due to the 
light lithium isotope 

sLi^ + iH2 ^ (4BeS) sHe" + 2He" 

HaAung discussed in detail the kind of argument used in the pioneer 
work of Cockroft and Walton and in the interpretation of alpha and neu- 
tron reactions (^Sec. 22.4 J, AA^e now refrain from gmng more detail on in- 
diAidual inA^estigations and only summarize the results obtained, principally 
Avith the cyclotron. I T he projectiles indu cing nuclear reactions are protons, 
deuterons, alpha particles, neutrons, or gamma rays, abbre\dated as p, 
d. a, n, and y respectively. Nuclei of higher charge are less effective 
because of the Coulomb repulsion. The principal types of nuclear reactions 
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including those we have already discussed are arranged according to tlip 


projectile as 

follows: 




p, d 

d, p 

a, p 

n, p 

y , « 

py a 

d, a 

a, n 

n, a 

7,2n 

Py n 

df n 


n, y 


py y 



w, 2w 



Important examples of nuclear reactions are summarized in Table 22.1, 
which, however, is far from complete. Many product nuclei are stable, 
many others unstable, generally emitting electrons or positrons after :i 
characteristic half-life; only heavy nuclei may emit alpha particles (ex- 


Tdble 22.1. Important Examples of Nuclear Reactions 


Transmutation of 
elements 

7N“ (a, p) jO" 

Stable isotopes produced 

Artificial radio- 

activity 

ivUs’ (a, n) , 

,,-P“> i 4 Si“ + +ie« 

Neutrons 

.Be” (a, n) .C“ 

The fast neutron produced may 
transfer its kinetic energy to 
protons (paraffin) or cause 
transmutation of nuclei 

Proton reactions 

zLV (p, a) sUe* 
sLP (p, 7 ) 4 Be 8 

2 fast CL particles observed 

7 ray of 17.2 Mev observed. 

Deuteron reactions 

sLi* (d, a) sHe* 

.,Na» (d, V) uNa« 

2 fast a particles observed 
i,Na« -» ,sMg« + -ie» 

Photodissociation 
of nucleus by y 
rays 

iIP ( 7 , n) iHi 

Binding energy of deuterium and 
mass of neutron 

Slow neutron cap- 
ture 

13AF (77, 7) i;AP« 

— 1 Si“ + -i«» 

Fast neutron reac- 
tions 

u-U" (», a) iiNa« 

nNa«— , 2 Mg« + -ie« 

Fission by slow 
neutrons 

ggXJSM {<fi various fragments) 

Uranium fission; energj" release! 
is about 200 Mev 


cepting a few light nuclei that may split into alpha particles). This con- 
trasts with natural radioactivity in which only electrons or alpha particles 
are emitted. 

Although neutrons are not repelled by the target nucleus, all charged 
projectiles are. This partly explains the fact that the yields of all nuclear 
reactions induced by charged projectiles increase rapidly with the energj' 
of the projectiles. The cloud-chamber photographs of alpha rays (Figs. 
21.5, 21.6, and 22.2) show that nuclear collisions are exceedingly^ rare as 
compared with ordinary ionization processes e'rident by cloud formation. 
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Hence the projectiles are most likely to lose energy before making a nuclear 
hit. If they do not have an ample excess energy to start Nvith, they have 
a very poor chance for an effective nuclear collision. 

The (i-^J reaction requires the lowest energy of all nuclear reactions in- 
duced by charged particles because the Coulomb repulsion has the smallest 
value; here an effect is observed Avith an energy as low as 0.02 !Mev. Of 
interest are the product nuclei of the d-d reaction. The reaction iH- (d, p ) iH® 
leads to a heaAW hydrogen isotope of mass 3 Avhich is an electron emitter 
with a half-life of 31 years. An altematiA^e is iH- (d, n) nlle® which gwes 
a light helium isotope Ioioaati as a stable isotope occurring in nature 
with an e.Kceedingly Ioav abundance. 

There are a few cases in which tAvo different nuclear reactions generate 
the same radioacth^e isotope vnih two different values of half-life. For ex- 
ample ssBr^ has tAVO such values, 18 min and 4.2 hr. Here it must be 
assumed that the nucleus ssBr®® can exist in tAvo states with different energy 
contents. Gamma-ray spectra give eAudence that all heaAy nuclei have 
sets of energ>" levels. Here, howet^er, AA’e must introduce the additional 
assumption that one of the excited lev’els has a long half-life and, in tliis 
respect, resembles a metastable le\"el knoAAm in electronic systems (Sec. 
16. Id). This long half-life gives the excited nuclear level a chance to 
exhibit its oaati disintegration. These two states of ssBr®' are called ‘^nu- 
clear isomers.” (Isomers are knoAAm in chemistry as compounds that are 
built of the same constituents but differ in properties because of different 
arrangements of the constituents.) A few cases of nuclear isomers sIioaa^ 
up in natural radioactivity. For example, although principally 

a beta emitter, shoAA’s a feAV alpha emissions (4 out of 10,000). 

The detailed investigation of all possible nuclear reactions has inA^oh^ed 
an enormous effort since each reaction presents its individual problems to 
be solved Avith a special technique. The result is a system of radioacth^e 
isotopes which is additional to the well-known system of stable isotopes. 
At present about 450 radioacth^e and 275 stable isotopes are Ioioaati. 

In many cases, the same neAv isotope is being produced by various types 
of nuclear reaction. For example, the radioacth^e aluminum isotope laAl®®, 
characterized by its half-life of 2.3 min and the penetrating poAA’er of the 
electrons it emits, is generated in the following fiA-e reactions: 

isAl^M^, 7) 13A12^• i3PM^,a)i3AP; isAF (d, p) isAl^S* 

14SP {n, v) 13AF; isHg^® (a, p) isAF 

These A^arious reactions leading to the same, AA’ell-identified product pre- 
sent an important cross check for the A^alidity of our argument. 

Such cross checks are particularly A^aluable AAuth regard to the effects 
of neutrons because the eAddence of neutrons is based on an argument 
ever so much more indirect than that for charged particles. Here let us 
pause and look back over the long chain of experiments and their theo- 
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retical interpretations leading to the present picture of the neutron and 
“neutron chemistry.” We begin with Chadwick's discovery of the neutron 
and keep in mind that his argument, in turn, presupposes a great deal of 
information, experimental and theoretical, regarding various rays and their 
absorption by matter, in particular regarding atomic collisions and the 
Compton effect. Next come the discovery of deuterium and the precise 
determination of its atomic weight, after this the photodissociation of the 
deuteron, explained by its splitting into a proton and a neutron, and then 
the determination of the frequency threshold of this process. This figure, 
interpreted on the basis of the equivalence of mass and energy, leai to 
the atomic weight of the neutron for which an accuracy of six significant 
figures is claimed. Finally, we come to neutron chemistry, an elaborate 
field by itself. We observe that radium, beryllium, and aluminum, when 
brought close together for a while, affect the aluminum by giving it the 
power to discharge an electroscope. We hypothesize that alpha particles 
emerging from radium eject neutrons from the beryllium nuclei and that 
these neutrons, in turn, cause a certain reaction in the aluminum. The 
results of such lengthy arguments are cross-checked ^^dth the results of 
so many other nuclear reactions caused by protons, deuterons, alpha par- 
ticles, and gamma rays, that we cannot doubt the validity of the whole 
elaborate picture. In conclusion, the explosion of the atomdc bomb may 
be cited as a fact that gives convincing evidence of neutrons. 

The new 184-in. cyclotron that recently started operation in California 
generates deuterons of nearly 200 ]Mev. It has led already to new results 
by disintegrating target nuclei into more complex fragments and by pro- 
viding an unexpectedly well-collimated beam of high-energy neutrons. It 
is assumed that such a neutron is generated when a proton (belonging to 
an impinging deuteron) strikes the edge of a target nucleus and is stripped 
off while the neutron continues its way. The same machine produces 
alpha particles of nearly 400 Mev, i.e., of an energy nearly forty times 
that of the fastest alpha rays occurring in nature. Recently this new 
technique led to a discovery that is of importance for our knowledge of 
elementary particles and nuclear structure (1948). The impacts of high- 
energy alpha particles on various target nuclei generate mesons, i.e., new 
types of elementary particles, which may carry positive or negative charges 
or be neutral Avhile their masses vary between 100 and 300 times the 
electronic mass. Mesons had been knowm before as constituents of cosmic 
rays (see Chap. 24). 

The modem alchemist who attempts to make gold may survey the pos- 
sible nuclear reactions in order to select the proper target element to be 
bombarded Avith the proper projectile. Thus he has a choice, keeping in 
mind that it may be AA’orth Avhile first to produce the next lighter or heaA’ier 
element which by electron or positron emission aauU change into gold. 
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22.8. Uranium Fission. The discoveiy of the mo.st ^vidcIy knoun nu- 
clear reaction, uranium fission, originated from a systematic attempt to 
extend the periodic table of elements. We have studied slow neutron cap- 
iurc which, by subsequent electron emission, transforms, e.gr., isAP^ into 
and in general transforms an element into its neighbor of the next 
higher atomic number. Fenni and his collaborators, in their first extensive 
work on neutron reactions (1934), used this process in order to transform 
the last element of the periodic table occurring in natui*e, uranium, into 
elements hitherto unknown, the 'Hransuranic elements.’’ Presumably 
these are radioactive, because otherwise they would occur in nature. 
Uranium is kno^\n to have two stable isotopes; 92 U“'^'* (abundance, 99.3 per 
cent) and (abundance, 0.7 per cent). 

The bombardment of uranium with neutrons leads to a great variety 
of products that are difficult to analyze because some of them are unknown 
to the chemist. At present there is no doubt that the process predicted 
takes place, even with high probability, namely, 

92U233 (/i, y) 92U239 

As expected, is an electron emitter (Sec. 22.4) and so produces the 
new element, called neptunium,*^ Np, with the atomic number 93. 

92X1239 + 

Neptunium being an electron emitter, too, then leads to the element with 
atomic number 94, called ‘^plutonium,” Pu. 

Plutonium, finally, is an alpha emitter and so goes back to uranium, form- 
ing the rare stable isotope: 

94Pu239~^92XJ"35 + 4jj 

(For many years, Uranus was considered to be the most distant planet, 
as w’as uranium the last element of the periodic table. Alore recently, 
the small planets Neptune and Pluto were discovered at still greater dis- 
tances.) The two processes of electron emission occur rather rapidly so 
that the atoms ^nd Np-39 (half-lives 23 min and 2.3 days, respectively) 
do not accumulate. But Pu-^® has a half-life of about 30,000 years, long 
enough for any accumulation during our lives, but not long enough to 
make the element occur in nature in noticeable quantities; only recently 
have traces of plutonium been found in uranium minerals. 

Tw’o elements of still higher atomic number w^re produced in the cy- 
clotron in 1944 by Seaborg and his collaborators. The reaction U-®'* (q;, «) 
Pu-^^ generates a plutonium isotope wffiich is a beta emitter and leads to 
the element called “americium,^' gaAm^; this, in turn, is an alpha emitter. 
On the other hand, Pu^®®, the plutonium isotope of major importance, 
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leads to the new element “curium,” aeCm^®, by the reaction Pu-®® (a, 
Cm‘^-^-; this is an alpha emitter, too. 

The products of the neutron bombardment of uranium give evidence 
of various other half-lives, which have been identified by chemical separa- 
tion. In 1939 Hahn and Strassmann discovered an entirely unexpected 
product, radioactive barium of a half-life 85 min. Comparing this half-life 
with those of the knovm radioactive barium isotopes reveals the product 
as being This result contradicts all previous experience which 

shows that only light particles, not heavier than alpha particles, are prod- 
ucts of artificial or natural disintegration. Here, however, the heaty 
nucleus goes to pieces entirely. It is of gi'eat importance that in the same 
process several fast neutrons are liberated. The discoverers called this 
new process “uranium fission.” Soon aftenvard, Lise Meitner, who had 
collaborated in many preliminary experiments, and Frisch called atten- 
tion to the vast amount of energy made available by uranium fission. It 
produces bursts in an ionization chamber ever so much stronger than those 
due to any other knovm projectile, and correspondingly heavy tracks are 
observed in the cloud chamber. Thus the energy liberated by the fission 
of 1 uranium atom is estimated as 200 Mev. This is 50 million times us 
much energy as 1 carbon atom generates by its chemical combination 
with oxygen. The high energy made available by fission is not given to 
the uranium nucleus by the slow neutron starting the process. This is 
evident from a comparison of the energies involved. The capture of a 
neutron by a heavy nucleus makes an energy of about 5 Mev available, 
only a very small fraction of the total energy that is actually liberated. 
Hence the neutron acts largely as the trigger releasing the large amount 
of energy stored in the uranium nucleus. Its high value agrees with the 
fact that in Aston’s curve of packing fractions (Fig. 20.5) the heaviest 
elements, by their location high above the bottom of the curve, show larger 
energies stored than the elements in the middle of the periodic table. (A 
quantitative statement can be derived from the curve only Avhen all frag- 
ments of the fission process are known. This is illustrated by Prob. 22.6.) 

To determine which of the two uranium isotopes is responsible, Nier 
separated these isotopes in a mass spectrograph and found the rare isotope 
which is present in an abundance of only 0.7 per cent, to be sus- 
ceptible to fission. Here slow neutrons are most effective, i.e., neutrons 
that, by passing through water, have lost most of their kinetic energ}’. 
92 U^’=‘ is very much less susceptible. 

Not every fission process produces many other elements of me- 

dium atomic weight have also been found. If, however, this barium iso- 
tope is produced in the fission process itself, the difference of the nuclear 
charges suggests that krypton, seKr, is associated with it. The heariest 
stable krypton isotope selvri®, together with leads to the atomic 
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number of the initial combination but to a 7nass number smaller 

by ele^'en. These figures indicate that the initial combination is endowed 
with excess neutrons, in agreement with the obser\'ations that neutrons 
are liberated in the same process. But we do not claim that we can predict 
their number since the first fragments of fission may well contain excess 
neutrons and hence be stabilized only gradually by electron emission like 
other unstable atoms loaded mth excess neutrons (Sec. 22.4). Even the 
barium which Hahn and Strassmann found by chemical analysis may have 
been the product of a secondary process. It is obser^^ed that by each 
iission of an y 2 E“®" atom between one and three neutrons are emitted. Hence 
a considerable number of neutrons stick to the fission fragments and make 
them strongly radioactive. 

Which other elements are subject to fission? Only a few heavy ele- 
ments, the lightest being tantalum, 73 Ta^®S show fission. Pu'^^, produced 
from is susceptible to fission by slow neutrons as is. But in lighter 
nuclei, different from and Pu^^^, fission is produced only by very high- 
energy projectiles, in tantalum, for example, by 400-!Mev alpha particles. 

Finally we consider the probabilities of the various reactions discussed. 
The outstanding (not the onlj”) processes produced by neutrons in uranium 
are “ fission capture ” byP^® and “nonfission capture” by (The latter 
leads to P®® and, after two electron emissions, to Pu-^l) has a much 
higher probability of undergoing fission than the other atoms mentioned, in 
particular P^. Here thermal neutrons (Sec. 22.4) are more effective than 
fast neutrons. Nonfission capture by takes place with a distinct pref- 
erence for neutrons within a narrow energy range around 25 ev, which is 
considerably higher than the theimal range. This is called “resonance 
capture.” Fission is induced by thermal neutrons only in two atoms: in 
92 !'^, which is found in nature, and in 94 PU-®®, one of the “transuranic ele- 
ments" manufactured from 22 ^^^ as reported above. 

We summarize the four unique features of fission: 

1 . Fission is a new type of nuclear reaction. 

2 . The energy liberated far exceeds that due to any other reaction al- 
though it may be started by very low-energy- “thermal” neutrons. 

3. The reaction is not spontaneous, as radioactive disintegration is, but 
can be started at will by neutrons shot into uranium. 

4. Since the reaction itself reproduces the same particle, the neutron, 
that starts the reaction, we may expect that in a large body of 92 p®“ the 
reaction ^^ill perpetuate itself because the first nucleus going into fission 
will cause one or several others to do the same, etc. Hence, in the ideal 
ease, 1 neutron may burst the whole block of uranium. In chemistry this 
is called a “chain reaction.” 

We realize, however, that this picture is idealized by the imagination 
of an optimist who forgets that neutrons may easily fail to continue the 
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chain l)ecause they may escape from the block of uranium or be caught 
by nuclei other than How these difficulties are overcome will be 

discussed in the next chapter. 

22.9. Report on the Theory of the Nucleus. In the chapter on natural 
radioactivity (Chap. 21), we reported on a mechanical model of the nucleu? 
Avhich, in conjunction with a result of wave mechanics, gives a picture of 
the emission of an alpha particle (Sec. 21.5). In the present section Me 
shall present another model of the nucleus which serves a different pur- 
pose: The fission of a heavy nucleus is represented by a picture that can 
easily be visualized without the mathematical treatment. We shall first 
study this theory, which is of particular interest for the heavy nuclei. Next, 
we shall discuss the more general problem of nuclear stability in order to 
judge which nuclei, light or heavy, offer the better prospect for our gaining 
access to their energies. 

What is known about the mutual distances between the various con- 
stituents of atoms? The distances betAveen the external electrons and the 
nucleus are so large that the whole atom is similar to the planetary system, 
This gi*eatly simplifies the theory of the electronic structure. On the other 
hand, within the nucleus the constituent particles are so closely packed 
together that the nucletts may well be compared to a drop of a liquid 
(Gamow, 1930). In a drop, the molecules are kept together by forces of 
mutual attraction. The molecules in the interior feel no average force- be- 
cause on all sides they are surrounded by neighbors. The surface molecules, 
however, have neighbors onlj^ on one side and hence are pulled toward fte 
body of the droplet. The forces so explained exert the same effect on the 
droplet as if it were wrapped in an elastic envelope, an effect mathemati- 
cally described as “surface tension.” This tension determines the most 
stable shape of the drop as a sphere, which is the body with the smallest 
surface for a given volume. 

In ordinary liquids these forces are attributed to the electronic structure 
of the molecules. TlTiat are the corresponding forces in the nucleus keep- 
ing the particles together? (See Sec. 21.6.) The positively charged par- 
ticles, presumably as protons, exert a strong mutncd repulsion and so tend 
to explode the nucleus. Hence, in order to explain the stable existence of 
nuclei, we must assume additional forces of attraction which, over small 
distances, overwhelm the Coulomb repulsion yet are negligible over longer 
distances. These two types of force act together and keep the particles 
in the nucleus assembled like the molecules in a drop of a liquid. 

This picture of a drop serves for visualizing some details of a nuclear 
reaction. In ordinary liquids the surface tension is not strong enough to 
prevent completely any part of the drop from flying off. Parts may be 
lost by either one of two events: (1) Molecules, which by the random 
thermal motion are given a sufficient energy, may evaporate from the sur- 
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L‘ident on matter may generate a positron-electron pair (pair produc- 
tion;. 

6 . The outstanding machines for the production of high-energ}" particles 
are the voltage doubler of Cockroft and Walton, the Van de Graaff gen- 
erator, the linear accelerator, the cyclotron, the betatron, and the syn- 
chrotron. 

7 . The projectiles that may cause nuclear reactions are, voitten in the 
conventional way, p, rf, a, n, and 7 . Ionizing particles (p, d, and a) pro- 
duce nuclear reactions with a yield rapidly increasing with their energy, as 
contrasted with neutron capture which is most efficient for slow neutrons. 
In many eases the same radioactive nucleus can be produced by various re- 
actions starting from various elements.- This gives important cross checks 
for the intei^pretations of the individual reactions. Some important nuclear 
reactions are summarized in Table 22.1. 

8 . 92 !'“®®, when bombarded with slow neutrons, splits into two fragments 
of nearly equal atomic weight and several neutrons Avith a liberation of an 
energy" of about 200 Mev (fission). We can start this reaction at w'ill (in 
contrast to natural disintegration). Neutrons that serve to start the re- 
action are also generated by the reaction, Avhich thus perpetuates itself 
like a chemical chain reaction.” 

9 . The nucleus may be compared with a drop of a liquid. The particles 
constituting the drop are kept together by surface tension, which here is 
due to nuclear forces of attraction. Large nuclei compare with large drops 
by their lack of stability that may cause fission. The packing-fraction 
curve gives evidence of energies liberated in certain reactions, but not of 
the barriers, called ‘'activation energies,” ’which retard the reactions. 
Heavy nuclei liberate energy by fission, light nuclei by combination. The 
activation energies are computed for heavy nuclei as the limiting energies 
of the vibrations leading to fission; for light nuclei they are the energies 
required by charged projectiles to overcome the Coulomb repulsion. The 
very heaviest and lightest nuclei liberate energy with the smallest activa- 
tion energy and, therefore, offer the best chance for the utilization of 
nuclear energy. 

PROBLEMS 

22.1. Beryllium radiation inUrpreted as gamma radiation. Irene Curie Joliot and F. 
Joliot discovered that the mysterious radiation from a radium beryllium source knocks 
protons out of paraffin \\’ith a kinetic energy of 5.7 Mev. The authors tentatively sup- 
posed that this energy is given to the proton by very hard gamma rays originating in 
the radium beryllium source and producing a Compton effect when hitting protons. 
Compute the energy that this gamma-ray quantum must have in order to eject a proton 
in a forward direction \^’ith an energy of 5.7 Mev. Disregard the relativity correction. 
Chadwick applied the same theory in order to compute the energy of the gamma-ray 
quantum which gives a forward motion with the observed energy 1.2 Mev to a nitrogen 
nucleus. Compute the energy of this quantum. 
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Hint: (a) State the fundamental equations of the Compton effect simplified for the 
case of the forward ejection (Sec. 19.1j for the head-on collision, = 180 dee’’ 
(6) Since the scattered quantum hv' is not observed, eliminate hv\ (c) Express 
terms of fi and v. (d) Introduce the numerical values for both cases. 

Comment: In order to understand why we assume that the scattered quantum hv’ 
travels backward (<#» = 180 deg), try the alternative assumption that it travels forward 
(0 = 0 deg). Now the equations lead to the result that no Compton effect can occur 

22.2 Discovery of the neutron. In this problem the reader is asked to go through aii 
essential part of Chad\\dck*s argument leading to the discovery of the neutron. Chad- 
wick wanted to identify the particles which, by elastic impacts, produce “recoil pro- 
tons’’ and “recoil nitrogens” of measured energies. A particle of the unknown mass nn 
and velocity ui when hitting a proton (mass wh) head on, transfers to it the velocity 
I’H = 3.3 X 10® cm/sec, inferred from the range of the cloud-chamber track. THieu 
bitting a nitrogen nucleus (mass m^), it transfers the velocity = 4.7 X 10* cm/sec. 
Compute 7«i and Ui. Use the results and the notation of Prob. 14.1, “elastic collisions.” 

Hint: In the problem “elastic collisions,” the velocity given to the target particle t 
expressed in terms of the velocity of the projectile. Write this equation once for the 
proton as representing the target and once for the nitrogen. From these two equations 
compute tih and wi as the unknowns. 

22.3. Xuclear photoelectric effect. In the disintegration of iH* by gamma rays (energy 
of quantum = 2.65 Mev) protons are observed of 0.25 hlev. The other particles so 
produced, supposedly neutrons, are not observed in the cloud chamber. As they have 
the mass number 1, they pick up the same kinetic energy as the protons, (a) Compute 
the energy required to disintegrate a iH* nucleus into -1- onK (h) Compute the 
atomic weight of on the basis of the atomic weights of iH® and (see Appendix 5; 
and the energy of disintegration derived in (a), 

22.4. Lack of stability of the neutron. Since we may imagine that a neutron giving u5 
an electron changes into a proton, it is of interest to compute the energy relation between 
these particles. How large is the energy E by which neutron and electron are bound 
together? Use the same idea as applied in the text to the deuteron. 

Comment: The negative sign shows that energy is gained by taking apart the neutron 
into a proton and an electron. Hence the neutron is unstable. This does not necessarily 
lead to the conclusion that the neutron spontaneously disintegrates because its two 
constituents may be kept together by a high, possibly unsurmountable barrier (see 
Secs. 22.4 and 22.9), On the other hand, in order to take apart the deuteron (Sec. 22.2f;), 
energy must be speni. Hence the deuteron cannot spontaneously disintegrate into a 
proton and a neutron. 

22.5. Disintegration of lithium by proton impact. From the atomic w'eights, compute 
the energy liberated in the process: jLi^ -|- iH^ — > oHe* + disregarding the kinetic 
energy of the impinging proton (see Sec. 22.7). Although we are interested in a relation 
between the nuclear masses, we can apply the conventional atomic weights since tk 
number of external electrons is the same before and after the reaction. 

22 . 6 . Energy of uranium fission. Suppose that in uranium fission 92 U-*® -|- split 

into 36 &®®, and 11 neutrons. Compute the total energy made available by this 

fission process: given the atomic Aveights: U®*® 235.12; Ba^*® 138.92; Kr*® 85.94; 1-009. 

Actually only between 1 and 3 neutrons are liberated at once, and many others remain 
bound to the heavy fragment nuclei. Some of these neutrons come off within about I 
min as delayed neutrons; others remain bound to heavy nuclei which, after certain life- 
times, emit electrons. 

22.7. Xuclear activation energy {difficult problem). In the text the statement is made 
that the energy required to produce a certain proton reaction is measured by the mini- 
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aium kinetic energj’ of the impinging proton (0.125 jMev'i which is needed to produce the 
reaction. This statement requires a correction. When a proton impinges on a lithium 
nucleus, the law of conservation of momentum predicts that the common ct uter of yrai'ily 
continue its path with unchanged velocity. This law is independent of any detail 
of the collision process (elastic or inelastic, nucleus or bullet of a gun». Hence in the in- 
elastic collision here considered, we are bound to assume that the c(»mpouiid nucleus 
4Be^ just formed takes up a part of the kinetic energj' which, before the collision, is all 
concentrated in the fast proton. Compute this kinetic energj’ given to the compound 
nucleus. For its excitation only the balance is available. This balance, strictly speak- 
ing, is the energy of activation. (This problem is related to Prob. 17.4, •‘inelastic 
collisions/') 

Hint: (a) Compute the velocity Ve of the center of gravity when the proton (mass w?, 
velocity Vp) approaches the htliium nucleus (mass M) wliich is at rest before the c<.>Uision. 
(5 1 Compute the kinetic energy given to the compound nucleus, (c) Compute the 
balance available as excitaimi energj^ of the compound nucleus in terms of m, J/, and Vp. 
This is the activation energy, (d) Introduce numerical values. 

22.8. Binding energy of the neidron. (a) Calculate the energy required to separate 1 
neutron from and so produce a free neutron and (h) Answer the same question 
for the separation of into 

Com.ment; The same energies are liberated by neutron capture. In each case of cai> 
ture in which no particle is ejected, the energy liberated is emitted as one or several 
gamma-ray quanta. Hence this is called a (w, 7) reaction. 

22.9. Tuning of the cyclotron. In the cyclotron (magnetic field H = 12,000 oersteds') 
we want to bombard the target (a) by protons, (b) by deuterons, and (c) by alpha 
particles. Which other quantity is determined by these data? Compute this quantity 
for the three cases mentioned. 

22.10. Xuclear reactions. Write the complete schemes of the folloT\’ing nuclear re- 

actions as in Sec. 22,2, including the compound nucleus and the product nucleus. In all 
reactions given here the product nuclei are either stable or emitters of electrons or posi- 
trons. (These particles are indicated as -le® and +i(»®, respectively.) In each case .state 
which is true (see Sec. 22.4) and, if the nucleus is active, state what the final stable nucleus 
is (see Fig. 22.4 and Appendix 5. You may extend the figure on the basis of the Ap- 
pendix). (fl) 6 Bi®(q!, p); (b) 4Be®(Q!, n); (c) TN^Hot.n); (d) nNa®»(p, a); (^) sLi’fp, w); 
{f\ 3Li®(d, p); (g) 6C“(d, n); (h) my, n)] {i) a); (j) a); (« p); 

(/) inA127(w, 7); (rn) laP^Cw, 2n). 



CHAPTER 23 

APPLICATIONS 


23.1. Uranium Bomb. The fact that energy may be produced by nuclei ^ 
processes has been well known for decades. Radium spontaneously p. i 
erates energy by alpha particle emission; but we have to wait 1,590 yeaR 
until the energy of half our radium supply has gradually been liberated, 
Rutherford’s discovery of artificial transmutation and the discovery bv 
Cockroft and Walton of lithium disintegration led to the controlled liben- 
tion of energy in many nucleax' reactions; but this is true only for a fei 
lucky nuclear hits that are associated with many energy-consuming 
It was recognized early by Fermi and his collaborators that uranium fissipi; 
might have the unique quality of perpetuating itself like a chemical chain : 
reaction since each fission process which consumes one neutron should geth ! 
erate several new neutrons. Hence uranium fission might lend itself tc • 
economical energy production; it might even lead to an explosion. * 

We shall summarize the nuclear reactions of uranium that are of out-i 
standing practical importance. Slow neutrons or, less effectivelj'', fastj 
neutrons cause fission of the rare isotope U®*® into two heavy fragments of i 
nearly equal mass and, in addition, several fast neutrons. Neutrons, pid-' 
erably of about 25 ev, i.e., ■with energies above the thermal range, transfonn 
the abundant isotope U®* into by neutron capture; U®® spontaneously 
and rapidly disintegrates by the emission of two successive electrons and 
so forms plutordum mPu®*®. Plutonium, in turn, which has a very long 
life, is susceptible to fission by neutrons, slow or fast, like the rare uranium 
isotope U®*®. In this summary we disregard the pitfalls that threaten the 
survival of the neutrons before they do their useful work. They may 
react with impurities or may escape from the uranium. The whole picture 
is so complex and the probabilities of the individual reactions, desired or 
undesired, vary over so wide a range depending on the speed of the neu- 
trons, that the prediction of the outcome is very complicated. 

Everybody has heard of the development that culminated in the ex- 
ploaon of the atomic bomb. Following the official report by H. D. Sm)lh* 
w’e shall discuss how the nuclear reactions have been utilized. The Smyth 
Report is highly recommended for everybody wffio w^ants to study the 

* Smyth, H. D., ‘‘A General .\ccount of the Development of Methods of 
.Atomic Energy’ for Military Purposes,” Superintendent of Documents, U.S. Govemmait 
Printing oflSce, Washington, D.C. 1945. 

302 



APPLICATIONS 


303 


Sec. 23.1] 

method of research interlinked with large-scale technical development. In 
the early days of the Second World War, the ultimate aim was the explo- 
sion of the uranium bomb. It is hoped that of greater significance for the 
future of humanity will be energ}^ production by fission in the uranium 
pile. We shall first discuss the bomb, which is of a simpler construction 
than the pile. 

The atomic bomb must be constructed in such a way as to produce as 
much fission as possible within the shortest possible time. For this pur- 
pose the rare isotope is separated from U-®® which is much less “fis- 
sionable.” (In Sec. 20.6 we mentioned the difficulties of isotope separa- 
tion.; We may imagine that mass spectrographs, specially constructed 
for the handling of large quantities perform the separation. Instead dif- 
fusion of gaseous uranium compounds is successfully used. In the bomb 
the uranium must be very pure since most impurities would consume neu- 
trons. Since the great majority of the neutrons would escape from a small 
bomb, the explosion occurs only if the bomb is larger than a critical 
size.” The explosion must be as sudden as possible because a slow ex- 
plosion would, at its beginning, split the bomb into fragments, each one 
of them below the critical size and, therefore, lost for the effect. No ex- 
perimenting with small-scale explosions is possible. 

U®®® is susceptible to slow more than to fast neutrons. Although the 
neutrons due to fission have a great excess of energy beyond the most 
favorable value, no provision is made to slow them down by elastic colli- 
sions (as it is done in the pile, see Sec. 23.2) for two reasons: (1) Extra 
material added for this purpose w-ould make the bomb too heavy; (2) the 
slowing down of the neutrons would take so much time (counted in micro- 
seconds) that the explosion would lose its extreme suddenness. Hence the 
explosion relies upon fission of IP^ by fast neutrons. Here it is evident 
that r-®® must be carefully eliminated because it would remove too many 
neutrons by “nonfission capture.” 

The bomb is detonated by bringing together several subcritical masses 
of U“®® to form a supercritical mass or by removing a neutron absorber. 
Stray neutrons available anj^wffiere start the chain. The very sudden as- 
sembly of a more than critical mass presents a difficult problem. Possibly 
it is done by shooting one part of the bomb against another part as a 
target. In order to reflect as many neutrons as possible from the surface 
back into the uranium, the bomb is surrounded by an envelope called the 
‘‘tamper’’ which reduces its critical size. Furthermore, the inertia of the 
envelope delays the expansion of the reacting uranium. The bomb is 
detonated at a certain height above ground to give the maximum blasting 
and heating effect. The radioactive products are carried upward by the 
heated air and distributed over so wide an area that they are made harmless. 

The uranium bomb requires the thorough separation of the rare uranium 
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isotope, which presents an exceedingly difficult problem because of the 
small relative mass difference between the two isotopes. It was mentioned 
in Sec. 22.8 that the only other element as susceptible to fission as 
is Pu“®®, which originates from Plutonium is produced in quan. 

titles in the uranium pile (see Sec. 23.2). Here, however, no isotope separa^ 
tion is needed but, instead, a chemical separation which, although difficult 
lends itself to mass production much better than isotope separation. The 
plutonium so produced is assembled into a bomb according to the same 
principles that underlie the construction of the uranium bomb. 

23.2. Uranium Pile. a. Construction and Operation. The uranium pile 
was built before the uranium bomb because the slower processes in the pile 
permit experimentation. However, its principles are more involved. Dur- 
ing the war, the purpose of the pile was to transform into plutonium 
to be used in the bomb. Since plutonium is much more fissionable than 
this complicated procedure had the effect of gaining access to the 
large store of nuclear energy of (abundance 99.3 per cent) and 
it indirectly available for the bomb. 

The pile requires a construction \\idely different from that of the bomb. 
The bo7nh is built for the single purpose of producing as much fission as 
possible \vithin the shortest possible time. On the other hand, the designer 
of the pile balances two processes: fission capture of neutrons by U®*, 
which keeps the chain going, and nonfission capture by which pro- 
duces plutonium. In any case capture by impurities and escape must be 
reduced to a minimum. The pile consists of natural uranium, i.e., uranium 
containing both isotopes in the natural proportion. Since the neutrons 
emitted by fission are too fast (several Mev), for efficient nuclear reactions 
they are first slowed down by elastic collisions with the nuclei of a medium 
that does not capture them. This medium, which occupies the major 
part of the space, is called the moderator.” Hydrogen, having nuclei 
of the same mass as neutrons, is most effective in slowing them down; 
but unfortunately it swallows them occasionally forming deuterons (Sec. 
22.7) and hence cannot be used. Deuterium has all qualities desired but 
it is too rare. Actually pure graphite is used which, although somewhat 
heavier than desirable, shows almost no reaction with neutrons. It is 
estimated that fast neutrons must diffuse through 40 cm of graphite in 
order to slow down to thermal speed. 

In accordance with this consideration, a pile is constructed as follows: 
A large block of graphite accommodates numerous rods of natural ura- 
nium, each in an airtight aluminum container, which prevents the dif- 
fusion of the fission products. This is called a ''rod lattice.” In order 
just to keep the chain reaction going, it is necessary that a neutron origi- 
nating from one fission process in turn cause another fission process. Thi 
excess neutrons are consumed by competing processes, partly desirabk 
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^capture by partly undesirable (capture b}’' impurities, escape). In 
order to reduce the number of escaping neutrons, the pile must be large. 
A small-sized pile does not operate at all. Hence in the first successful 
construction of a pile the guiding point of view was to build it big enough 
to keep the chain reaction going, but not so big that the reaction would 
get out of control. Cadmium strips serve as neutron traps and allow the 
delicate control of the chain reaction. It will be remembered that cadmium 
is an outstanding consumer of slow neutrons (Sec. 22.7); its presence, 
therefore, has the same effect as an adjustable escape for neutrons. 

During the Second World War the pile served for the production of 
plutonium to be used in the atomic bomb. This necessitates an exceedingly 
hea^’y load on the pile since we are not at liberty to devote neutrons to 
the production of Pu^®^ at the expense of the neutrons continuing the chain. 
It has been estimated that the production of 1 kg of plutonium per day 
requires the dissipation of an energy of the order 10® kw (see Prob. 23.1) 
and, for cooling, the water supply of a fair-sized city. In the Smyth Report, 
this estimate is combined with the statement that a single bomb will requim 
the order of 1 to 100 kg of plutonium. After the first experiments in 
Chicago, a pile of intermediate size was built at Clinton, Tenn., operating 
on a power level of 1,000 kw. The main production plant was erected in 
a more isolated location, at Hanford, Wash. Here in the early summer of 
1945 several piles were in operation producing plutonium and heating 
the Columbia River.” The radioactivity built up in a pile is estimated 
to be the equivalent of about a million tons of radium. 

To start the chain reaction it is not necessary to introduce neutrons 
into the pile since a few stray neutrons are available everywhere, possibly 
due to cosmic rays, possibly to rare spontaneous reactions in the pile. 
The operation of the pile will become clear when we consider the life 
history of a group of neutrons just emitted by fission. By collisions, 
largely with the nuclei of the moderator, they slow down, many of them 
to room temperature where they cause more fission of Other neu- 
trons, before completely slovdng down, are captured by and so start 
its transformation into Pu^®®. A very few only, when they are still fast, 
cause fission of U-®® and so help continuing the chain reaction. On the 
other hand, neutrons are lost by escape or by absorption in various ma- 
terials. 

The first pile built in Chicago was gradually assembled. From step to 
step the neutron density was measured and its increase, as the critical size 
was approached, was watched. The cadmium strips provided safety by 
destroying neutrons. We quote the repoit of Fermi : 


On the morning of December 2, 1942, the indications were that the critical 
«Umensions had been slightly exceeded and that the s>"stem did not chain react 
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only because of the absoiption by the cadmium strips. . . . Actually, when about 
seven feet (of cadmium strip) were removed the (neutron) intensity rose to a 
high value but still stabilized after a few minutes at a finite level. It was with 
some trepidation that the order was given to remove one more foot and a half of 
the strip. This operation would bring us over the top. When the foot and a hat’ 
was pulled out, the intensity started lising slowly, but at an increasmg rate, ami 
kept on increasing until it was evident that it would actually diverge. Then the 
cadmium strips were again inserted into the structure and the intensity rapidly 
dropped to an insignificant level. 

This experiment marks the beginning of a new epoch in the history of 
the energy production by human beings. It was the first time that a self- 
maintaining nuclear chain reaction had been initiated. 

Considering the sudden explosion of the atomic bomb, it seems strange 
that the Chicago physicists, starting the operation of the pile, dared to 
watch the automatic rise of the neutron intensity by their instruments and, 
before the pile exploded, had time to stop it. This delay of the threatening 
explosion is explained by the action of '^delayed neutrons.'^ Not all the 
neutrons liberated by the fission process go off instantaneously; about 
1 per cent of them are delayed by periods up to 1 min. Near the critical 
stage of the pile this delay of a small group retards the development of 
the chain sufficiently to permit the control by cadmium strips. On the 
other hand, in the explosion of the atomic bomb these delayed neutrons 
cause only an insignificant energy loss. 

From time to time the rods of natural uranium, forming the lattice in 
the graphite of the pile, are taken out in order to remove the plutonium 
produced during operation. Plutonium has a long half-life (3 X 10^ years). 
Its removal is complicated by the unavoidable presence of all the fission 
products, i.e., the fragments into which splits. We mentioned barium 
and krypton only as examples. Actually there are a great number of dif- 
ferent elements of medium atomic weights produced, most of them viciously 
radioactive. The problem of chemical separation is especially difficult as, 
for the atomic bomb, plutonium of very high purity is required. Because 
of the very strong radioactivity all chemical operations must be performed 
by remote control. 

It is evident here how rapid the technical progress has been. Before 
the Second AVorld War, the quantities of most elements produced by 
artificial transmutation were unweighable. In cyclotron work it was a 
great success that gold was transfoimed into mercury in a quantity suffi- 
cient for a spectroscopic analysis, presumably of the order of a milligram. 
A few years later the new element plutonium has been manufactured in a 
quantity that may be gauged from its power to destroy part of a city. 

In our discussion of the pile and the bomb we considered only the few 
processes desired and how to produce them. This by no means gives aa 
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adequate picture of the difficulties that had to he overcome. The prob- 
lems of chemistry were as big as those of physics. It is easy to postulate 
that "pure uranium” be used or plutonium be separated from uranium. 
As a matter of fact the concentration of some impurities in the uranium 
and the graphite, used in the pile, had to be reduced to a value as low as 
a few parts in a million. This requirement compares with the fact that, 
lip to 1940, only a few grams of not very pure uranium metal had been 
produced. Furthermore, the separation of plutonium from uranium is 
obwously not described in any handbook of chemistrj'; all properties and 
reactions of plutonium must be worked out. 

The Hanford pile consists of natural uranium which contains only 0.7 i)er 
pent of the fissionable isotope U®*. A more efficient operation is expected 
when the pile is enriched by the addition of fissionable material, or 
Pu®®. Although the uranium pile serves two purposes: the production of 
plutonium and the generation of power, a ‘plutonium pile seems to offer 
the best chance of a relatively small atomic power plant. Since plutonium 
is sufficiently susceptible to fast neutrons, a plutonium pile, called a “ fast 
reactor,’* may be built without the moderator that forms the great bulk 
of the uranium pile. Hence a plutonium pile resembles a plutonium bomb 
except for the fact that it must be below the critical size. Both the pile 
and the bomb are surrounded by a tamper (see above) which reflects the 
escaping neutrons as efficiently as possible back into the pile. 

b. Prospect for Future Use. We discussed uranium fission as a tool of 
destniction. Therefore, we considered the uranium pile as a device to 
convert I™ into Pu®*" which, in turn, is to be used in the bomb. In this 
operation nobody minds the waste of the aiergy liberated which goes down 
the Columbia Baver as heat. It is hoped that the energy of the pile, now 
wasted, will be used for the benefit of htunanity. Then the plutonium 
generated will be left in the pile and contribute to the energy production. 
The energj' may serv’e for boiling water and thus driving steam turbines 
which, in turn, generate electrical energy as ^own schematicaUy on 
Fig. 23.1. 

Can we expect to utilize the energy of other heavy nuclei, predecessors 
of thorium and uranium, in the periodic table? Aston’s curve of packing 
fractions (Fig. 20.5) gives evidence of large energies stored in all heavy 
nuclei. We do not know, however, whether these energies are fenced in 
by obstacles, called “ activation energies,” so high that they prevent chain 
reactions (Sec. 22.9). Fission has been observ'ed for a few lighter elements, 
the lightest being tantalum wTa^* (1947). But here projectiles of a verv' 
high enei^' (400 Mev alpha particles generated in the cyclotron) are re- 
sponsible for the fission process. Therefore, we cannot expect chain reac- 
tions, which are needed for the large-scale spontaneous liberation of nuclear 
energies, to occur. Hence our great success in the exploitation of the 
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nuclear energy of uranium has not opened the door to the energies of manv 
other nuclei. The energy stored in hydrogen nuclei will be discussed in the 
ne.\:t section. For the time being we do not see a way of making available 
the nuclear energies of any but the heaviest elements. 

How great is the economic importance of power production from uranium 
compared Avith that from other fuels such as coal, oil, and natural gas? 
(At present water supplies only about 10 per cent of the power consume 
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in the United States.) All known deposits of uranium may represent a 
total amount of energy of the same order of magnitude as the energy avail- 
able from the combustion of fuel. In this estimate the energy of IP® is 
included. Hence the energy famine threatening the huma n race wthin a 
few thousand years may be postponed but will not be averted by uranium 
hssion. 

Is there any prospect of an ample supply of energy from another source? 
Unless abundant energy is gained from other nuclei, light, or hea\ 7 , the 
power of solar radiation far surpasses any other supply available for our 
rapidly increasing needs. This follows from the “solar constant,” which 
gives the power arriving per square centimeter at the position of the earth 
(1.96 cal min~i cm““). Assuming that only half of this power penetrates 
through the atmosphere, we compute the power of solar radiation incident 
on 1 sq mile, placed perpendicular to the* rays, as 1.7 X 10* kw. This is 
comparable to the capacity of a large hydroelectric power plant. It has 
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been stated that the total power of the solar radiation incident on the 
roof of a factors' if efficientlj' harnessed would drive all its machiner>’ 
which now receives energy ultimately from combustion of coal or water 
power. “Enough energy falls on about 200 square miles of an arid region 
like the Mohave Desert to supply the United States” (quoted from C. C. 
Pumas, 1941). It is true that the utilization of solar energy meets great 
technical difficulties since it is too dilute, arriving in quanta of a few electron 
volts, distributed over the surface of half the earth. This difficulty is in 
contrast to that encountered in the exploitation of nuclear energy which, 
in quanta of 200 Mev, is too concentrated for easy utilization. Such 
difficulties, however, do not seem insurmountable. Future re- 
search in nuclear physics may change the picture completely. 

It may be anticipated that the release of nuclear energy v-ill profoundly 
affect the course of human civilization. This development will depend 
not so much upon the total amount of nuclear energy available as upon the 
ease with with this energy can be utilized; in other words, upon the cost 
of nuclear energy as compared with that of chemical energj’. As a starting 
point for the new development, we may expect that in industrialized coun- 
tries where the coal deposits are depleted uranium power plants will prove 
efficient in the near future. Apart from the quantity of the energy avail- 
able we are sure that here energy of an entirely new concentration has been 
found. The control of this energy should lead to the solution of problems 
that have seemed beyond our grasp. Now that one such problem, the 
construction of the atomic bomb, has been solved, one may hope that 
human as well as physical energy will be expended upon problems of a 
different nature. One forecast, however, is reliable. The neutron inten- 
aty in a pile exceeds by a huge factor that which could be reached with 
the cyclotron. These neutrons are available for the abundant production 
of artificially radioactive isotopes all over the periodic table. In one of 
the ne.xt sections we shall discuss the use of these isotopes in a new method 
of attack upon problems of physics and chemistry as w'ell as biology and 
medicine. 

Any rational plan for the future beneficial use of nuclear enei^ is in 
contrast to the events of recent years. In 1939, the basic facts of nuclear 
fission were discovered as the outcome of research that was not directed 
to practical purposes. During the Second World War, the arduous de- 
velopment from the observation of fission to the atomic bomb was accom- 
plished by an unheard of concentration of physicists, chemists, mathema- 
ticians, engineers, and many other experts. The production of plutonium 
involved the waste of an enormous amoimt of energj', equivalent to the 
output of a big hydroelectric power plant. The production /jf pure U“® 
may not have been more economical. This gigantic effort was successfully 
directed toward the instantaneous and most efficient destruction of cities. 
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The decisive success of the atomic bomb has aroused a universal conscious- 
ness of the ^vaste and danger inherent in the present situation* 

23.3. Energy Production in Stars, a. Carbon Cycle. In order to make 
clear the importance within the cosmos of the processes to be discussed 
in the present section, we start from a review of the thermal and chemical 
history of the earth. When a mixture of reactive gases, like hydrogen and 
oxygen, is slowly cooled starting from very high temperature, it ends up 
in the most stable configuration, i.e., water (with a possible excess of one 
of the reactants). This is what we may expect for the earth gradually 
cooling dovTi after its separation from the body of the sun. So we under- 
stand that ahnost no free hydrogen is available on the earth because most 
of it is bound with oxygen as water. We should expect the same to be true 
for carbon and oxygen, hence as much CO 2 as possible to be formed and 
not both the isolated elements, carbon and oxygen, to be available. As 
Gamow puts it, nobody would expect a natural deposit of dynamite. li 
this expectation were realized, no chemical energy would be available at 
the surface of the earth and no organic life could exist. 

Everybody knows that actually the situation is entirely different. Car- 
bon and oxygen do not all occur as CO 2 , but the separate elements are 
available as well. The carbon is not evenly dispersed but highly concen- 
trated and easily accessible in plants and as a mineral. We have discussed 
this before and found that all animal life depends on the availability of 
food energy supplied by plants (Chap. 12 and Sec. 17.9). What is tk 
source of our chemical energy f It all comes from solar radiation absorbed by 
the chlorophyll in the green leaves which, in photosynthesis, assimilates 
the carbon present in the air as CO 2 . The energy of light breaks up the 
structure of this most stable carbon-oxygen compound. This same process 
in which carbon compounds are formed in the plant liberates oxygen into 
the atmosphere. For millions of years this process has been going on. 

This answ’er confronts us wdth the next question: Where does the sokr 
energy come from? This w-e shall try to answer in the present section. The 
most trivial guess is that the sun is a hot body in which, according to its 
heat capacity, energy is stored and radiated from its surface. On this 
basis one computes (Prob. 23,2) that even wdthin a few^ years the cooling 
of the sun’s surface "would be noticeable; it w^ould be very appreciable 
during the known period of human histor}^. Hence this guess is obviously 
WTong. The estimate is not much improved W'hen we assume a chemical 
reaction, like the combustion of carbon, to be responsible for the heal 
production of the sun. With this estimate we compare the facts of biologj’. 
It is known that the evolution of living beings on the surface of the earth 
is an exceedingly slow process. It has been estimated that the present 
state of animal life is the result of an evolution reaching over 500 million 
years during w’hich the surface of the earth must have been at a temperature 
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sufficiently uniform for organic life. Since this temperature depends di- 
rectly on the solar radiation, we must assume that the sun has had a rather 
uniform temperature through this vast period. Although we are unable 
10 judge the accuracy of this figure, there is no doubt that, in the sun, we 
must assume a source unifoimly producing energy far exceeding any pos- 
sible supply of chemical energy. 

Next it was suggested that the sun is heated by nuclear transmutations; 
more specifically, that the combination of 4 hj^’drogen atoms forming a 
helium atom (or 2 protons and 2 neutrons forming a helium nucleus) would 
<upply the solar energy (see Probs. 9.10 and 9.11). This assumption, how- 
e\'er, has the obvious drawback that the process seems to require a simul- 
taneous collision of four particles, \vhich is a highly improbable event. 

This great and old problem of the energy production in the interior of 
the sun has recently been solved by Bethe (1938) who went into the detail 
of all nuclear reactions involved. The same cycle of reactions was simul- 
taneously suggested by von Weizs^cker. A sequence of nuclear reactions 

assumed, each one of them requiring only the collision of two particles. 
The indhidual steps involved have not been invented for this purpose but 
have been really perfoimed in experiments with the cyclotron; so their 
probabilities have been estimated. Bethe accepts the calculation, made 
by astronomers, of a temperature in the interior of the sun of 20 million 
degrees K. Although at this temperature the average energy of translation 
of any particle is only about 2,000 ev, hence much too small for any 
nuclear reaction, there are always a few nuclei present which, owing to 
the Maxwell distribution (Sec. 7.1), possess a much higher energy". In 
selecting plausible reactions, preference is given to light nuclei since the 
smaller Coulomb repulsion gives better chances of close approaches. Hy- 
drogen is outstanding partly because of its small nuclear charge, partly 
Ijeeause of its overwhelming abundance in the sun. What are the possible 
reactions of a proton? It does not react with another proton or a helium 
nucleus; but it does react with the next heavier nuclei, Li, Be, and B, so 
readily that they presumably have disappeared at an early stage of the 
history of the sun and similar stars.* Thus the next element turns 
out to be the plausible partner for a nuclear reaction with fast protons. 
The products of the reaction are in turn susceptible to proton collisions 
and so lead to a cycle of reactions as shown in the accompanying table. 
i )n the left side we list the particles consumed, in the middle the particles 
produced. The lifetime of each reactant consumed, eC^®, etc., is estimated on 
the basis of observations made with the cyclotron. Except for the spontane- 
ous decompositions (2) and (5) the lifetimes depend upon the concentration 

’VVe do not enter into the closely related speculations concerned with the early 
liistory of stars. A highly recommended discussion is given by G. Garaow', “Atomic 
Energv in C’osmic* and Human Life,” The Macmillan Company, New York, 1946. 
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Ccynsumed 

Produced 

Idfetinie 

,C>* + ,H1 

rN“ + 7 

2.6 X 10® years 

(1) 

7N“ 

+ie» + oC“ 

10 imn 

( 2 ) 

,C»» + iHi 

7 NM + 7 

60,000 years 

(3) 

,N« + iHi 

90“ + 7 

4 X 10® years 

(4) 

80 >» 

+76" + rN« 

2 min 

(5) 

7N“ + iH1 

+ .C»» 

20 years 

( 6 ) 


of protons and the temperature; hence they are uncertain by about the 
factor 10 either way. 

This sequence of processes is easily remembered when its significance 
is understood. The carbon nucleus which presumably is built of 
three alpha particles, successively assembles four protons. Whenever an 
imstable nucleus is formed, it soon loses its excess positive charge by the 
emission of a positron and so changes into a stable nucleus. This, in 
turn, waits until it swallows the next sufficiently fast proton. Thus grad- 
ually the charges and masses are collected for the building up of the “com- 
pound nucleus” which, if stable, would be built of four alpha particlfti. 
However, because of the energy of the last collision, it is unstable and 
immediately goes to pieces into 2 He^ + eC^^. Hence the over-aU effect is 
the consumption of four protons and the creation of one helium nudeiis and 
two positrons. 

The carbon nucleus entering into the reaction emerges unchanged al- 
though it plays an essential part. This function of the carbon, instigating 
a reaction without ultimately being consxuned, is typical for a catalyst’’ 
in a chemical reaction. Therefore, all we have to assume is that in the 
interior of the sun carbon nuclei and protons are present at very high 
temperature. Instead of carbon, any other nucleus occurring in the scheme. 
e.g., ordinary nitrogen, would serve the same purpose. In the com- 
putation of the energy output, the creation of three ganuna-ray quanta 
must be taken into account. 

The carbon cycle is a very slow process. This follows from the average 
lifetimes of the principal reactants given above. The low probabilities 
of the reactions (1) and (4) are responsible for the conclusion that the 
completion of one cycle, beginning and ending with an individual 
nucleus, may take about 6 million years. On the basis of reasonable as- 
sumptions regarding the abundances of hydrogen and carbon, Bethe was 
able to estimate the total energy production which satisfactorily agrees 
with the total energy loss by radiation from the sun. 

What is the importance of the carbon cycle for organic life on the earth? 
Its importance is twofold. Solar radiation, ultimately fed by the carbon 
cycle, is heating the earth to a nearly constant temperature and is pro\ddmg 
the chemical energy needed for organic life. Astronomers assume that the 
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sun has gradually reached a stationary temperature determined by equal 
values of energy loss from the surface and energy production in the interior. 
This balance has kept the solar temperature appreciably constant through 
hundreds of millions of years. The earth, if alone in space, would rapidly 
cool down. Actually, however, solar radiation keeps the temperature of 
its surface at a certain level. Thus the small earth, in turn, has reached 
a temperature as stationaiy as that of the sun but much lower. It appears 
as a mere coincidence that this stationary temperature of the earth is within 
that narrow^ range required for the evolution of organic life. This then 
is the rare combination upon which organic life depends, the constancy of 
the temperature and its value. 

Now we come back to our original question: Where does the chemical 
energy that feeds organic life come from? 'V\Tiat agent separates carbon 
and oxygen at the surface of the earth? This is the other contribution 
made b}" solar radiation during the vast period of nearly stationar}-^ tem- 
perature. Solar radiation (within a narrow wave-length range in the red) 
continually provides the energy for photos\Tithesis and so separates the 
stable CO 2 into carbon and oxygen. Thus solar radiation has stored large 
energy treasures of plants and coal on one hand and, on the other hand, 
gaseous oxygen. This energy is indispensable for life as well as for in- 
dustrial activity". Thus these three agents cooperate to create and main- 
tain life: the carbon cycle generating energy in the sun, the solar radiation 
keeping the temperature of the earth on a favorable level, and the photo- 
chemical processes transforming a small part of the solar radiation into 
chemical energy available to organisms. 

T^Tien we realize the vast periods of time during which solar energ}-^ has 
been stored, separating carbon and ox^^'gen, we are appalled by the fact 
that our present activity in industry and war consumes this treasure at a 
rate far exceeding the rate of replacement. Our wastefulness places before 
the physicist the problem of how to utilize the vast reservmir of nuclear 
energy available at the surface of the earth. How can we liberate energy 
at will by the combination of four hydrogens forming helium? Actually 
we are doing it when we duplicate the carbon cycle in the laboratory, i.e.y 
when we are running four cyclotrons bombarding and 

respectively, with protons. (For the energy gain it is immaterial whether 
we go through the cycle vith identically the same nuclei.) However, it is 
unfoitunate that the running of the cyclotrons consumes a great deal more 
energy than that gained by the nuclear reactions. Is this inefficiency of 
the cyclotron to be blamed on its poor construction or is the energy waste 
inherent in the process? Every cloud-chamber photograph of alpha or 
proton tracks gives the answer (Fig. 21.5). The desired collisions wdth 
nuclei are rare events as compared with the innumerable ionization proc- 
esses, each one of them contributing one droplet to the cloud. This is a 
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waste of energy that we cannot avoid since we are shooting our projectiles 
at random into the target material without aiming them at the nuclei. 

C^onsequently, although with great effort and expense we can go through 
the reactions forming the carbon cycle, at present there is no economical 
way of utilizing the resulting energy. Moreover, there is at present no 
theoretical suggestion how to attain this goal. We can only compute the 
tremendous energy that would be available if we should be able to trans- 
form all the hydrogen of the ocean into helium. We do not know whether 
men will gain access to nuclear energy other than that due to fission of 
the few heaviest nuclei. 

6. Abwidance of Isotopes and Elements, Bethels theory of the carbon 
cycle, introduced in order to explain the stationary temperature of the sun, 
at the same time suggests the answer to another great problem. What 
determines the relative abundances of the various isotopes measured in 
the mass spectrograph? They are so well defined that, for a long time, 
the chemical atomic weights, depending upon these abundances, w^ere con- 
sidered to be fundamental constants of nature. Now we find that, in the 
interior of the sun, the relative abimdance of and is determined by 
the relative 'probabilities of the varioits nuclear transmutations induced by 
proton bombardment. This follows from the lifetimes given in the sun^ey 
of the carbon cycle. is rare because it is highly receptive to proton 
bombardment; is abundant because it is about fifty times as reluctant 
to change its status. When turbulence within the body of the sun brings 
matter from the hot interior to cooler regions near the surface, the nuclear 
reactions suddenly stop altogether; hence, the relative abundance deter- 
mined in the hot interior persists as a frozen equilibrium.” The same 
applies to the nitrogen isotopes. Also the relative concentrations of carbon 
and nitrogen, both partners in the same cycle, should be determined by 
similar considerations. Our argument by no means completely explains the 
relative abundances but, as an outstanding factor, it indicates the prob- 
abilities of the transitions occurring in the oven where the elements are 
cooked. 

23.4, Applications to Physics, Chemistry, and Biology. Applications 
of artificial radioactivity enter into so many fields that, instead of a sys- 
tematic sur^^ey, only examples can be given.* 

The application of radioactive atoms as tracers, started by Hevesy and 
Paneth (1913) using natural radioacthity, has developed into a wide field 
by the production of artificially radioactive atoms of all elements. Typical 
is the investigation of self-diffusion. Tavo lead cylinders of equal size are 
prepared, one of ordinary lead, the other of lead with a small addition of 
radium D (half-life, 22 years) which is an isotope of lead. These two cyl- 

*A full discussion is given in E. Pollard and W. L. Davidson, “Applied Nuclear 
Physics,” John Wiley & Sons, Inc., New York, 1942 . 
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inders, just fitting face to face into a glass tube, are melted and kept in the 
liquid phase for several days. After cooling, the ordinary lead is cut in 
slices; the radioactivity of each indi\ndual slice indicates the amoimt of 
lead that has diffused into it from the active part. So the coefficient of 
diffusion of lead atoms in lead is measured. This is a problem that can 
be solved only with the help of a tracer which may be either a radioactive 
atom as here described or, in similar problems, a rare isotope as discussed 
in the chapter on Isotopes (Sec. 20.8 j. By the same method the surprising 
result has been obtained that atoms are diffusing, although only very 
slowly, in the solid state, too. The method has been applied to metals. For 
example, zinc atoms diffuse through zinc single crystals at 410®C (9®C 
below the melting point) at a slow rate which shifts a noticeable concen- 
tration of the activated atoms within a few hours over distances of a few 
thousandths of an inch. 

An application of artificial radioactivity to spectroscopy has occasionally 
been mentioned before (Sec. 23.2a). By the reaction raAu^®® 

and the subsequent spontaneous electron emission, the stable mercury iso- 
tope soHg^®^ is produced w’hich, in natural mercury, occurs mixed with six 
other isotopes. This single isotope emits very sharp spectral lines that 
are well suited for primary standards of w- ave lengths (Wiens and Alvarez, 
1940). 

The elements with the atomic numbers 43, 61, 85, and 87 w’hich are 
not found in nature, are manufactured in the cyclotron. They are called 
technitium, prometheum, astatine, and francium, respectively. In the 
pfle the elements 93 and 94, neptunium and plutonium, are produced 
(Sec. 23.2). Plutonium, in turn, has a long half-life and serv^es as the 
starting element for the production of the next heavier elements 95 and 96, 
americium and curium. 

Of particular importance for biology are the radioactive carbon isotopes, 
and (half-lives 20.5 min and 1,000 years, respectively). They have 
been used, e.g,, in the investigation of photosynthesis, to trace the fate 
of carbon atoms that are assimilated from CO 2 by the chlorophyll. Re- 
lated investigations have been carried out with the rare isotope as a 
tracer (Sec. 20.8). 

The rate at which sodium spreads through the human body is measured 
by feeding a person a salt solution containing a trace of radioactive sodium 
(half-life 14.8 hr). The counting rate of a Geiger counter placed in the 
individual’s hand begins to rise after a few minutes. Many biologists 
consider the tracer method and its wide application as the greatest progress 
in the technique of biological and medical research since the discoverj’' of 
the microscope. For therapeutic purposes neutrons may, in special cases, 
be preferable to X rays. The effect of neutrons as w^ell as that of X rays 
is due to secondary particles, which produce ionization. But in the case 
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Df X raj'S the secondary electrons cause a dilute ionization, whereas in the 
sase of neutrons the secondary 'protons produce a much more concentrated 
ionization. This contrast is evident on the cloud-chamber pictures, Pigg 
21.10 and 22.3. (It is immaterial whether the secondaries are produced 
oy gamma rays or X rays.) The more condensed effect due to neutrons 
nay, in some cases, give a preference to neutrons. The effects on the 
luman body of the products of the pile are so strong that, in any work 
rear the pile, health protection presents a problem of great difficulty. 

A ray of fast protons generated by one of the machines (Sec. 22.6) seems 
:o offer a good prospect for surgical applications. Very fast protons pene- 
trate considerable layers of matter with only small losses of their energ 5 \ 
Ho^vever, when the protons slo^v dowm, they deliver a great deal of energy 
concentrated mthin a short distance. (A similar behavior of electrons is 
evident in Fig. 21.10; here the densities of the tracks indicate the energj’ 
.osses; the fast electron has a less dense track than the slow electrons.; 
Sence, w^hen a beam of very fast protons is directed to\vard the human 
Dody, it scarcely affects the skin (contrary to X rays) and the surface 
ayers but acts like a loiife on deeper layers (R. R. Wilson), 


SUMMARY OF CHAPTER 23 

Fission of a uranium atom consumes 1 neutron and in addition 
generates several of them, thereby lending itself to a nuclear chain reaction. 
This is used in the uranium bomb and the uranium pile. The outstanding 
properties of uranium atoms are as foUoAVs: is susceptible to fission 

by slow or, less effective^, fast neutrons; readily captures neutrons of 
rather low speed (about 25 ev) and so forms which in two steps rapidly 
changes to plutonium 94 PU®®®; this, in turn, is an alpha emitter of a long 
lifetime which, however, is as susceptible to fission by neutrons as U®®. 

1 . The bomb consists of piue or Pu^®®. In a block exceeding a critical 
size, the fission processes lead to a rapidly growing chain and so to explosion. 

2 . The pile consists of natural uranium (or uranium enriched by addi- 
tion of U-®®). The fast neutrons originating from fission are slowed doM 
by collisions with the nuclei of the moderator (graphite). This makes 
them more effective for producing fission. The critical size is such that 
the chain reaction is maintained without leading to an explosion. Many 
neutrons not used for the chain reaction are captured by U®®® and so trans- 
form this indirectly (see above) into Pu®®®. This process makes the nuclear 
energy" of the isotope U®®® (abundance, 99.3 per cent) available for the 
chain reaction. The plutonium may be clieinically separated from the pile 
and used in the bomb or, else, it may be left in the pile to contribute to 
the energy production.’ The vast amount of heat produced in the pile 
may serve industrial purposes. 
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3. The energy radiated from the sun probably originates in the hot 
interior of the sun from a set of nuclear reactions in tvhich a carbon nu- 
cleus, gradually captures 4 protons and so helps in building up a 
helium nucleus. This sequence of processes liberates two positrons and 
two gamma-ray quanta, and finally restores the nucleus, Avhich, there- 
fore, acts only as a catalyst. Through many millions of years the energ\' 
production in the sun by this process and the energy loss by radiation have 
been balanced. The uniform solar radiation so produced has provided a 
uniform temperature of the surface of the earth and so created the condi- 
tions favorable for the origin and development of organic life. At the 
game time, by photosynthesis, solar radiation has stored the chemical 
energy indispensable for organic life. 

4. The most important application of artificial radioactmty is that for 
•‘tracer’’ work. Examples are given from physics, chemistry, and biology. 
Neutrons are applied, instead of X rays, for therapeutic purposes. 

PROBLEMS 

23.1. Power of the pile. Suppose that in a pile each fission process contributes one 

neutron toward the transformation of into Furthermore, the fission process 

liberates 200 Mev. How much power (in kw) is released when the pile produces 1 kg of 
plutonium per day? 

23.2. The energy balance of the sun (Sec. 23.3a). AVhere does the energy radiated from 
the sun come from? The first guess is that the sun consists of a material similar to that 
of the earth and gradually cools dovNTi because of the heat loss by radiation. In order 
to check this guess we suppose that the sun radiates as a black body. Furthermore, we 
specify that the material is iron and that convection and conduction of heat within the 
sun are so rapid that the temperature is uniform over the whole sphere although heat 
is lust only from the surface. Compute the time it takes the sun to cool 1°K. 

Hint, (a) Write an equation expressing the following idea: the heat radiated during 
the I'unknowTi) time interval At equals the loss of heat content suffered W’hile the sun 
cools by \T = 1°K starting from its present temperature T, In this equation the heat 
radiated is stated by the Stefan-Boltzmann law. (6) Solve this equation for At. 
Temperature of the sun T == 6000°K (average of the results of several methods); radius 
of the sun /• = 6.96 X 10^° cm. Take the other numerical values needed from a textbook. 
Make sure that you express all energies in the same unit. 
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COSMIC RAYS 


Cosmic rays are rays, occurring in nature, that have a penetrating power 
far exceeding that of any other radiation known. Their study is of out- 
standing interest for two reasons: (1) Since cosmic rays consist largely d 
particles and quanta endowed nith much larger energies than can pro- 
duced in the laboratory, , they give rise to processes otherivise unknown. 
The investigation of these particles and processes by the methods of nu- 
clear research represents a field of major importance. (2) The occurrence 
of cosmic rays gives evidence of processes in the cosmos that still are a 
mystery and accessible only to speculation. 

We shall discuss first results obtained with the simple technique by 
which cosmic rays were discovei’ed, i.e., by observing the discharge of an 
electroscope. Then we shall report the much more refined results obtained 
with Gdger-M idler counters and doud ckanibers. In the foliow'ing sections 
we shall deal with the evidence obtained by the various methods, regarding 
the nature of the primary and secondary rays and the conversion of pri- 
maries into secondaries. 

24.1. Fundamental Observations. It is know that every charged con- 
denser, in spite of the most careful insulation, gradually loses its charge. 
This was first explained by the presence of traces of radioactive substances 
emitting rays that cause a weak ionization of the air. However, during 
balloon flights it was discovered that this loss of charge takes place much 
more rapidly at high altitude. This cannot be explained by a greater 
concentration of radioactive gases present because, at high altitude, this 
concentration is actually much smaller than that at sea level. From such 
observations, Hess (1910) concluded that the ionization of the air is con- 
tinually being produced by rays coming from outside, later called “coanic 
rays.” This radiation has an extraordinary penetrating power which ar- 
ables it to reach the surface of the earth. 

This may not seem unusual since we are used to the penetration of sunlight throu^ 
the whole atmosphere. However, this complete transparency of the atmosphere for 
viable light is a specific property of certain gaseous molecules in a limited wave-length 
range. It is due to the fact that the first absorption lines of the atmospheric gases an 
located in the ultraviolet. 

Cosmic rays penetrate water to such an extent that at any depth y«t 
investigated traces of them are found. They penetrate thick lead plate 
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that would absorb gamma rays, the most penetrating radiation occurring 
in natural radioactivity. As far as these experiment.^ go, the situation is 
similar to that in the field of X rays before the discovery of X-ray diffrac- 
tion (Sec. 19. Id and/j. \\ e measure the rate of di&charge of an electroscope 
protected by various layers of lead. The resulting curve, representing the 
rate of discharge versus the thickness of the lead, is not simply an ex- 
ponential curve. It shows that some parts of the radiation are readily 
absorbed in about 10 cm of lead while 
other parts have much greater “hard- 
ness."’ 

The various components, however, 
are related to each other as is revealed 
by their absorption in air. For its in- 
vestigation, Millikan and his collab- 
orators sent an electroscope carried by 
sounding balloons into the stratosphere. 

Once every 4 min the electroscope was 
charged and then its rate of discharge 
measured. The ionization of the air so 
measured follows a rather complex law 
since it is affected by two factors: the 
intensity of the cosmic rays and the 
density [of the air, decreasing with alti- 
tude. In order to correct for the decrease of the density of the air, a curve 
was derived from the data representing the ionization as it would be if the 
air had a uniform density all over. For the sake of this computation the 
sounding balloons carried recording barometers and thermometers in addi- 
tion to the electroscopes. Thus, in Fig. 24.1 the abscissa represents the 
total mass per unit area of the atmosphere above any altitude. This is 
expressed in terms of an equivalent water column. On this scale the highest 
altitude reached is represented by about 20 cm and sea level by 10.3 m of 
water. The ordinate represents the rate of discharge (in ions per cm® and 
sec). In this plot the absorption of, say, X rays would yield a simple decay 
represented by an exponential curv^e. The actual curve, however, has a 
maximum at high altitude as shown in the diagram. This is explained 
as follows: It is assumed that at the highest altitude the cosmic rays 
consist of particles (or possibly quanta) of exceedingly high energy which 
are known to dissipate their energy in collisions with molecules only at a 
low rate (see Sec. 21.26; Fig. 21.10 shows that the straight track due to 
a fast electron has a smaller density of water droplets than the curved 
tracks belonging to slower electrons). Gradually these particles generate 
secondaries so that the few particles of highest energy are gradually re- 
placed by many particles of lower energy that ionize more hea\’ily. This 


Fig. 24.1. Cosmic-ray ionization at 
various altitudes (computed for a uni- 
form atmosphere). 
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explains the increase of ionization when, starting from the highest altitude 
reached (absorbing laj^er 20 cm water equivalent), we go down to the 
maximum ionization which occurs at 80 cm water equivalent. The power- 
ful decrease of ionization toward sea level (10.3 m water equivalent) k 
explained by the gradual dissipation of the energy of the cosmic raysi. 
The low residual ionization at sea level is only 1 per cent of the maxi- 
mum value in the representation of the diagram. Further investigation 
of individual rays shows that this residual ionization is due, for the most 
part, to secondaries. 

The study of the ionization as a function of the altitude leads to the 
total ionization produced by cosmic rays. If tentatively the production 
of each ion paii* is associated with an energy of 30 ev, one can compute 
the total energy incident on the eai-th by cosmic rays. This is of the same 
order of magnitude as the total energy incident as starlight. 

The results so far discussed have all been obtained with the simplest 
technique, recording the rate of discharge of an electroscope. The Geiger- 
Muller counter permits a demonstration of cosmic rays in a laboratory 
experiment. We have already discussed the coincidence counter (Sec. 22.5). 
This acts like a combination of two Geiger-Miiller counters connected in 
series, which respond only when both are made conducting simulta7ieously. 
Two such counter tubes are placed in a parallel position (geometrically, 
not electrically) at a short distance from each other, forming the two 
opposite sides of a square. First, the two coincidence counter tubes are 
placed in a vertical plane, each tube horizontal, one above the other; next 
they are placed in a horizontal plane. In the vertical plane they register 
many more counts per minute than in the horizontal plane. (The counts 
must be corrected for accidental coincidences.) This simple measurement 
indicates that in the vertical direction there exists a radiation penetrating 
both counters. One should not conclude that outside the earth, the cosmic 
rays show such a preference for the vertical direction, but only that vertical 
rays have to pass through the minimum layer of air and, therefore, have 
the best chance of reaching the surface of the earth. 

Most instructive observations of individual particles are made with the 
cloud chamber. The atmosphere is not so densely filled with cosmic rays 
that any random cloud-chamber photograph would show them. In order 
to avoid waste, the cloud chamber is operated with the help of coincidence 
counters just described. For this purpose two parallel counter tubes, each 
horizontal, are placed in a vertical plane, one counter above, the other 
below the cloud chamber (Fig. 24.2). Hence a cosmic ray shooting through 
this ‘^counter telescope’’ is sure to pass through the chamber. Through a 
relay, the coincidence counters operate the expansion and illumination of 
the chamber and so restrict its operation to the moments when a ray has 
just passed through. This elaborate arrangement is called the “counter- 
controlled cloud chamber.” 
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24.2. Primary Rays. After discussing the experimental methods and 
some fundamental results, we want to explore the nature of the primary 
and secondary rays. Are the primaries photons or, possibly, neutrons or 
charged particles? The answer is found by using the magnetic field of 
the earth as that of a gigantic mass spectrograph. The intensity of the 
total incoming cosmic radiation is measured all over the earth with the 
ionization chamber. In order to obtain comparable data, A. H. Compton 
(1931) sent the same carefully built chamber with a built-in electroscope 
over long trips from the Northern to the Southern Hemisphere. The out- 
standing result, kno^ra as the latitude effect, is that 
the intensity of the radiation is lower at the equator 
than at the poles by about 10 per cent. The lati- 
tude effect is much more pronounced on mountain 
tops where the rays contain a larger percentage of 
their primary constituents than at sea level. 

In the theory of this effect, the primary cosmic 
rays are assumed to be charged particles that shoot 
toward the earth from aU directions and are de- -p oiV n * 
flected by the magnetic field of the earth. The trolled cloud chamber, 
atmosphere of the earth occupies only a thin layer; The pair of coincidence 
97 per cent of the mass of the atmosphere is con- counters, thi-ough a relay, 
tained in a layer of 25 km thickness; this amounts ^1^® cloud cham- 

to only 1/250 of the radius of the earth. However, 

the magnetic field of the earth, considered as a large permanent magnet, 
reaches much farther out. Hence the primary particles or quanta, when 
approaching the earth, travel long distances through the magnetic field 
before they strike the atmosphere. 

We consider particles approaching in the direction perpendicular to the 
surface because they suffer the least absorption. Furthermore, we restrict 
our discussion to two special cases: to particles approaching either in the 
direction of the magnetic axis or in the plane of the magnetic equator. 
Particles shooting along the magnetic axis toward one of the magnetic poles 
are not affected by the magnetic field because here the particles travel in 
the direction parallel to the field. On the other hand, particles approach- 
ing in the plane of the magnetic equator are deflected, the angle of deflec- 
tion depending on their kinetic energy (Fig. 24.3). Particles of low kinetic 
energy do not reach the earth at all. Only the fastest particles suffer so 
little deflection that they penetrate the magnetic field to the surface of 
the earth. It has been computed that an electron approaching in the 
equatorial plane must shoot toward the earih with an energy of at least 
10 billion electron volts (abbreviated Bev) in order to reach sea level 
(neglecting absorption in the atmosphere.) Such observations, however, 
do not permit a determination of the masses. TVe should not expect par- 
ticles observed at sea level to follow this theory accurately since what we 
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obsen^'e are largely secondaries. However, this comparison is sufficient to 
explain the fact that the cosmic-ray intensity at the equator is lower than 
that at the poles; at the equator the charged particles of lower energy are 
lost altogether. IMost important is the conclusion that the primary cosmic 
raj^s consist principally of charged particles. 

The sign of their charges is manifest in the east-west effect. Figure 24.3 
shows that the primary particles are incident on the magnetic equator 
under a certain angle whose direction (east or west) depends on the sign 
of their charges. J ohnson investigated these angles 
using an elaborate apparatus which was essentially 
a row of parallel counters in a coincidence circuit. 
This ^'counter telescope'^ could be pointed in the 
various directions. He found a preference for par- 
ticles coming from the west indicating a preference 
for positive charges. Although this effect is barely 
noticeable at sea level because of the preponderance 
of secondaries, it is so pronounced at high altitude 
that one assumes that the majority of the pri- 
maries, possibly even all of them, are positively 
charged particles, presumably positrons or protons. 
Since the proton is the outstanding positive particle 
with no negative counterpart while the positron 
may be expected to be associated, with negative 
electrons, the preponderance of positively charged 
particles is interpreted as indicating protons as the 
primary particles. A more conclusive argument 
in favor of protons is furnished by the very high penetration of the primary 
rays discussed below^ This cannot be attributed to light particles like 
positrons, wffiich are easily deflected when passing near nuclei and so gene- 
rate gamma rays and further secondaries. These processes would dissipate 
the energies of positrons and, hence, are not compatible with the high 
penetration observed. 

The analysis by the magnetic field of the earth gives evidence of the 
energies of the primary rays. Protons approaching in the equatorial plane 
must have at least 9 Bev in order to reach sea level. The higher intensity 
obseiw’’ed near the poles proves that primaries of low^er energy are also 
incident. An indication of cosmic rays of vastly higher energy has recently 
been found. Coincidence counters give evidence of large show’^ers of cosmic 
rays (see below’), with each individual ray endow’ed with high energy. 
Their simultaneous incidence forces us to assume that they represent nu- 
merous secondaries, all generated in the air and originating more or less 
directly from one primary. The energies and number of the secondaries 
lead to the estimate of the energy of the primary. The result is as high 


I Magnetic \ 

1 Equator I 

Fig. 24.3. Paths of 
charged cosmic-ray pai^ 
tides arriving in the 
magnetic equatorial plane 
of the earth. The mag- 
netic field is normal to 
the plane of the figure. 
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as 10® or even 10^ Bev; it vastly surpasses the energ\" of any particle meas- 
ured heretofore. 

The intensity of the total cosmic radiation, on its way through the atmos- 
phere, follows a complex law because the loss of primaries is accompanied 
by the generation of secondaries. Of particular interest is the absorption 
of the primary protons. One may try to measure their absorption in the 
atmosphere by measuring the change with altitude of effects that may be 
attributed to the action of primaries. Such an effect is, for example, a 
typical nuclear disintegration into many particles which produce tracks in 
tiie form of a star (see Sec. 24.4). The frequency of occurrence of such 
stars as a function of the altitude leads to a decrease of the primary radia- 
tion by the factor 1/e in about 1.5 m water equivalent. 

In the comparison of alpha rays with X rays (Sec. 21.2a) we noticed 
that X rays follow an exponential decay while alpha rays are characterized 
by a well-defined range. We explained this difference by the different 
processes of energy loss. While an X-ray quantum transfers its whole 
energy to an atom in one process which has a characteristic probability, 
an alpha particle gradually loses its energy by very many ionization proc- 
esses along its track. Therefore, we are surprised here to find particles, 
the primary’' protons, which decay according to an exponential law like 
X rays. This observation forces us to assume that these high-energj" pro- 
tons lose their energies by single, rare events rather than by the gradual 
process of ionization as alpha particles do. Presumably disintegrations 
producing ^‘stars’’ (see Figs. 24.7 and 24.8) represent such events. We 
have no knoAvledge of processes that would generate particles of this enor- 
mous energy range. Not even the annihilation of the hea\iest nuclei, if 
it should ever occur, would provide energies of this order of magnitude. 

In recent high altitude flights a cloud chamber and photographic plates 
were carried to heights of 28 km and gave evidence of heavy nuclei of 
atomic numbers up to 40 which, presumably, are parts of the primary 
cosmic radiation. 

No clear-cut evidence regarding the origin of the primary cosmic rays 
is known. The great majority of them do not come from the sun or the 
stars of the galaxy since the position of the sun or the galaxy fails to show 
a noticeable effect on their intensity. 

24.3. Secondary Rays. Evidence regarding the nature of the secondary 
cosmic rays is much more abundant because they are plentiful at sea level. 
Cloud-chamber obser\^ations, supplemented by the application of magnetic 
fields, give evidence of all particles and rays knoum in nuclear physics, 
electrons, positive and negative, protons, neutrons, alpha particles, recoil 
nuclei, gamma rays. As a matter of fact, the positron was discovered as 
a cosmic-ray secondary before it was found as an abundant product of 
artificial radioactivity (Sec. 22.3, Figs. 22.5 and 22.6). 
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The systematic exploration of cloud-chamber photographs revealed the 
existence of other fundamental particles not known heretofore. They were 
identified by the investigation of the three outstanding characteristics of a 
cloud track; its density (number of drops per centimeter), its cunature in a 
magnetic field, and its rajige. On the basis of arguments, Avhich we omit, 
these three quantities permit at least an approximate determination of the 
charge, the mass, and the energy of the particle. We presuppose that 

charges occur in mxjltiples of the elec- 
tronic charge. The accuracy of the 
result does not compare Avith that ob- 
tained by the mass spectrograph. 
However, electrons and protons differ 
in their cloud-chamber tracks so vastly 
that they can easily be distinguished 
and an intermediate particle can be 
identified. This is illustrated by one of 
the first cloud-chamber photographs of 
such a particle taken by Anderson and 
Neddermeyer (1936; Fig. 24.4). From 
the lead plate (6.35 cm, visible as a 
horizontal strip) a group of particles 
are ejected, one of them shooting up- 
ward, showing a strildngly heaA’y ioni- 
zation, much heavier than that due to 
electrons. Let us tentatively assume 
this particle to be a proton. For pro- 
tons the relation between the range and 
the kinetic energy has been empirically 
determined and, for the range here ob- 
served, leads to an energy of 1.5 Mev (or more, if a part of the track is 
located within the lead plate). From these data one predicts the radius 
of cmvature p of the path of the particle in the magnetic field (H = 7,900 
oersteds) to be p = 20 cm (Prob. 24.1). However, the observed radius p is 
only 7 cm. Consequently our guess, interpreting the particle as a proton, 
is wrong. A more detailed examination leads to a mass about 200 times 
that of the electron. In such pictures both charges, positive and negatwe, 
occur. This new particle is called the “meson” (or mesotron). At sea 
leA’^el mesons are the most abundant secondary particles. 

A spontaneous decay of mesons is indicated by various arguments of 
which the simplest is as foUoAvs: It is obserA’ed that the cosmic-ray intensity 
at sea level decreases slightly AAuth increasing temperature. If all second- 
aries were absorbed solely by air molecules, heating of the air would not 
affect the cosmic-ray intensity because it would make no difference whether 







Fig. 24.4, Cloud-chamber picture of 
a meson and several electrons. (Cour- 
tesy of C, D. Anderson and S. H, Ned- 
demieyer.) 
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the same total amount of air i.s more or less dense. The effect actually ob- 
serv’ed proves that some of the secondary particles, presumably the mesons, 
disappear simply because at higher temperature the air extends farther 
upward so that the particles have a longer time of fliglit before reaching 
sea level; in other words, they disintegrate spontaneously. On this 
the half-life of the meson is estimated as of the order 10~* sec. 

Great progress has recently been made by a surprisingly simple tech- 
nique. In photographic plates that are several weeks old, preferably plates 
with extra-thick emulsions, the microscope reveals tracks, comparable to 



Fig. 24.5. Emulsion picture of the tracks of mesons; primary” meson with secondary 
(lighter) meson. {Courtesy of C. F, Powell and Q, P. S. Occhialini.) 

cloud-chamber tracks but much shorter due to the greater density of the 
medium. These tracks in emulsions have an advantage over cloud-chamber 
tracks in that they show the whole lengths of the tracks of high-energy 
particles. Thus important new discoveries have been made. The occur- 
rence of several types of meson has been definitely established. The track 
of a hea\y meson can be followed to the end Avhere it disintegrates into a 
lighter meson (showing a less dense track) and, presumably, another par- 
ticle that leaves no track (Fig. 24.5; the figure is a mosaic made of several 
microphotographs). The artificial production of mesons by 400-Mev alpha 
particles is discussed in Sec. 22.7. 

24.4. Conversion Processes. The conversion of primary into secondary 
rays, followed by numerous further conversion processes, takes place largely 
in the atmosphere, although we observe more commonly the conversions 
occm’ring in the metal parts of our instruments. Conversion processes are 
observed on cloud-chamber and emulsion photographs, of which we shall 
discuss only a few important examples. Outstanding conversion processes 
are showers and stars. Figure 24.6 shows a typical “cascade shower.’' It 
iS evident that several rays originate from one spot at the top of the 
chamber; the rays multiply by producing more secondaries in a lead plate 
mounted in the chamber. Cascade showers represent an alternation be- 
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tween electron pairs and gamma-ray quanta. A fast electron or positron 
when suddenly deflected near a highly charged nucleus, generates a gamma- 
ray quantum which, in turn, soon changes into a positron-electron pair 
(Sec. 22.5), etc. The large momentum of the initial particle is manifest in 
the downward components of all constituents of the cascade shower 
Gradually less energetic particles and quanta are produced, which are 
likely to lose their energies by other processes (ionization and Compton 

effect, respectively) until, finally, all 
energy of the shower is consumed. In 
the absence of heavy metals, cascade 
showers develop in the atmosphere and 
spread over large volumes. They are 
observed by coincidence counters 
placed several meters or even hundreds 
of meters apart. They give evidence of 
the vast energies of certain high-energj* 
primaries mentioned above. Other 
showers consisting of much more pene- 
trating particles do not show the rapid 
multiplication of cascade showers. 

Another important conversion proc- 
ess produces numerous tracks in the 
form of a star (Fig. 24.7). (This and 
the following picture are taken in the 
emulsion of a photographic plate,) 
Here a high-energy particle, possibly 
one of the primary protons, causes a 
thorough disruption of a nucleus and 
so creates many secondaries. Another example of a star is given by 
Fig. 24.8 which shows a so-called ^'hammer^^ track. Here one of the 
secondaries, a short time after emerging from the star-shaped explosion, 
disintegrates; presumably it is a sLi® nucleus (half-life, 0.9 sec) disintegrat- 
ing into an electron (not visible) and two alpha particles whose tracks 
are in a straight line since the Li nucleus has no momentum when disin- 
tegration takes place. Long before these cloud-chamber and emulsion 
pictures were known, the simple technique of the ionization chamber had 
already shown rare, heavy ‘'bursts'^ w’hich are superimposed on the usual, 
more uniform ionization. They are called ‘'Hoffmann bursts’^ after the 
discoverer. They represent a more primitive observation of the same 
showers that are analyzed in much greater detail by cloud-chamber and 
emulsion pictures. 

Our discussion of cosmic rays shows the great significance of the fact 
that here w'e are dealing with particles and quanta endowed wdth energies 
that far surpass those generated in the laboratory. Only recently have 



Fig. 24.6. Cloud-chamber picture of 
a cascade shower (multiplied in lead 
plates). (Courtesy of L. Fussell, Jr.) 



COSMIC RAYS 


Sec. 24.4] 


327 


the modem high-energy generators begun to reach the energy range that 
is predominant in cosmic rays. 



Fig. 24.7. Emulsion picture of star, {Courtesy of C. F. Powell and G. P. S. OcckialinL) 


SUMMARY OF CHAPTER 24 

The unavoidable slow discharge of all electroscopes, Avhich is much more 
pronounced at high altitude than at sea level, is attributed to the ionisa- 
tion of the air by cosmic rays, i,e., rays coming from the cosmos and able 
to penetrate the atmosphere, many meters of water, and even heavy lead 
plates. The ionization plotted against the depth of the atmosphere in 
terms of the equivalent water column shows a maximum at high altitude. 
This indicates that in the atmosphere a gradual conversion of the high- 
energj^ primaries into secondaries of less energy takes place. Cosmic rays 
are investigated with ionization chambers, Geiger counters, in particular 
coincidence counters, cloud chambers, and photographic plates. 

The deflection in the magnetic field of the earth is responsible for the 
“latitude effect,'^ which indicates that the primary cosmic rays are charged 
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particles of energies of 10 Bev or more. The east-west effect proves that 
the gi-eat majority of the particles ai-e positively charged. Presumablv 
they are protons. The primary rays when passing through the atmosphere 
are absorbed at such a rate that their intensity decreases by about the 
factor 1/e when they pass through an equivalent of IJ^ m of water. 



Fig. 24.8. Emulsion picture of star with hammer track. (Couiiesy oj C. F, Powell ami 
G. P. S, Occhinlmi.) 


The secondary rays consist of all particles and quanta known in nuclear 
physics and a new type of particle, the “meson,” which is endowed with 
the electronic charge, positive or negative, and a mass between those of 
electrons and protons. 

In the conversion of primaries into secondaries there occur outstanding 
events known as “show^ers” and “stars.” Certain rare cascade showers 
of unusually high total energy are attributed to primaries of an energ\' 
as high as 10® or 10^ Bev. 

PROBLEM 

24.1. The meson. On a cloud-chamber picture taken by Anderson and Neddermeyer 
a heavy track is tentatively interpreted as due to a proton. On the basis of the empirical 
range versus energy diagram, its energy is detennined as 1.5 Alev. Compute the radiu? 
of curvature given to the path of this particle by a magnetic field of 7,900 oersted?. 
(Your result will deviate slightly from that given in the text due to the fact that the 
track is not exactly in the plane of the paper, hence not exactly perpendicular to the 
magnetic field. This is investigated by stereoscopic photographs.) 
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WAVE NATURE OF MATTER 




CHAPTER 25 

DIFFRACTION OF ELECTRONS 


In our discussion of the nature of light we were left with an intolerable 
discrepancy. For more than a centuiy the old controversy between the 
corpuscular theory and the wave theory of hght seemed to have been 
decided since the phenomena of di^raction and interference gave clear evi- 
dence of its wave nature (Young, 1801; Fresnel, 1815;. Much later, how- 
ever, the photoelectric effect and the Compton effect furnished proof of the 
quantum structui’e of light and so 
renved the corptiscidar theory 
(Einstein, 1906; Compton, 1923 J. 

'Ihese two theories appear to be 
incompatible. 

Before, however, we try to rec- 
oncile the theories of light, we must 
report an observation which, at 
first glance, seems to make the 
situation worse. The discovery of 
electron diffraction by Davisson 
and Germer (1923; final results, 

1927) introduced a similar discrep- 
ancy in the description of matter by 
two opposing theories. We shall 
first describe the experiments and afterward give a brief outline of wave 
mechanics, which reconciles the corpuscular nature and the wave nature 
for matter as well as for light. 

In a sj'stematic investigation of “secondary electrons” produced by 
electron impact on metals, Davisson and Genner explored the scattering 
of a well-defined beam of electrons impinging on a single crystal of a metal 
iFig. 25.1). In high vacuum, a beam of electrons emanating from a glow- 
ing filament is accelerated by a potential difference of the order 50 volts. 
Two diaphragms nan'ow the beam down to a thin pencil. WTien this beam 
is incident on the surface of a single crystal of nickel or another metal, 
many of the impinging electrons flow into the metal while others bounce 
back. The observer measures the intensity of the beam of electrons scat- 
tered into any direction by collecting them on a small, isolated piece of 
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The collector is rotated about the point of 
incidence on the crj'stal. The electron cur- 
rents scattered in the various directions 
(broken lines) show intensities given by the 
cmved line. 
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metal which can be turned around the point of incidence on the crystal 
A retarding field (not indicated on the diagram) keeps away from the 
collector all electrons that have lost some energy so that the electroa^ 
recorded are only those that bounce off the crystal with their full initial 
energy. 

This experiment, simple in principle but difficult in the performance 
because of secondary effects, gives results that are indicated on the same 
diagram. The intensity of the electron beam scattered into any directioa 
is represented by the length of the vector dra\vn in this direction. The 



ends of the various vectors are connected by a line. The entirely unex- 
pected result is that the scattered electrons do not show simply a diffuse 
distribution as anybody would expect; instead they show a pattern with 
a wxll-defined maximum and minimum resembling a diffraction pattern. 
When the accelerating potential difference is varied, the maximum men- 
tioned shows up more or less distinctly (Fig. 25.2) ; it is best defined at a 
potential difference of 54 volts and at an angle = 60 deg from the inci- 
dent electron beam. 

Let us tentatively attribute this maximum to diffraction and defer the 
more thorough discussion of this explanation to the next chapter. We 
derive the wave length indicated by the maximum as follows: Diffraction 
by a crystal grating, as distinct from the ruled grating, is discussed in the 
chapter on X Rays (Sec. 19.1/), There we argued that this diffraction is 
identical with an apparent reflection of the X ray on a crystal plane, i.e., 
a plane rich in atoms. (Since the rays enter into the body of the crj^stal, 
this plane is not necessarily identical with the surface plane.) In the ex- 
periment described, the angle (<j} = 50 deg) between the incident beam, 
which is normal to the surface, and the diffracted beam indicates that 

reflection’’ takes place (under an angle 0 = 65 deg) not from the surface 
but from an interior plane as shown in Fig. 25.3. From X-ray data tha 
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grating constant of nickel in this plane is known as cZ = 0.91 X 10“”^ era. 
Since only one maximum shows up, we assume w = 1. Bragg's equation 
leads to a wave length X = 1.65 X 10“® cm. For the interpretation of this 
wave length, a fundamentally new idea Incident 


introduced in the next chapter will be 
needed. 

Ai'e these patterns that resemble dif- 
fraction patterns a specific property of 
electrons or can they be observed for other 
particles, too? With great experimental 
effort traces of such patterns have been 
found for helium atoms and hydrogen 
molecules by Stern and his collaborators 
d929). Hence, the patterns represent 
a more general property of very small 
particles. 

Another method for the observation of 



Fig. 25.3. Electron diffraction 
treated as Bragg reflection on a crys- 
tal plane. 6 = angle between ray 
and crystal plane; <l> = angle of de- 
flection. 

electron diffraction has been de- 


veloped by G. P. Thomson (1927). In our discussion of X rays we men- 


tioned the crystal powder method in which two narrow holes (not two slits) 



Fig. 25,4. Electron diffraction by gold-foil method of G. P. Thomson (photographic 
FK)5itive’). This pattern is to be compared T^dth that of X-ray diffraction by aluminum 
^Fig. 19.9L Gold and aluminum have the same crystal stnictiire. (Courtesy of G. P. 
Thomson.) 


limit a narrow pencil of X rays which are reflected from all the various cry^s- 
tal planes presented by a powder. Accordingly, in Thomson’s experiment 
a narrow pencil of electrons is incident on a crystal film which is so thin 
that they largely pass through. The numerous, \'ery small single crystals of 
which the film is composed act like the crystal powder and are responsible 
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for the ring-sliaped diffraction pattern observed behind the crystal film 
Figure 25.4 shows the diffraction of 60,000'Volt electrons by a film of simpb 
cubic crystals {KF). This picture of electron diffraction may be comparel 
with that of diffraction of monochromatic X rays by a powder of simple 
cubic crystals (Fig. 19.9). The fact that each ring in one pattern has iti 
counterpart in the other is a stiiking demonstration of the fact that the 
wave nature is common to both these rays. 

From the sharp pattern obseiwed and the kno^vn crystal constant of 
KF, Thomson was able to derive the wave length which must be attributed 
to 60,000-volt electrons in order to make the pattern explicable by diffna;. 
tion. In the next chapter we shall correlate this result with de Broke's 
idea of matter waves. 

Since electrons are diffracted according to Bragg’s law as well as X rays, 
a beam of electrons can be equally well used as a beam of X rays for the 
exploration of regular structures like crystals. However, electrons have 
much less penetrating power than X rays. This distinction makes the 
diffraction of an electron beam useful for the investigation of the structure? 
of surfaces and complex organic molecules. Such molecules are made tc 
travel as a beam of low density (see Sec. 4.1) Avhich, when traversed from 
the side by a beam of electrons, causes their diffraction. The diffraction 
pattern gives evidence of regularities in the molecular structure. 

A summary of the present chapter will be found at the end of Chap. 26. 



CHAPTER 26 

report on wave mechanics 


Wave mechanics has given the solution of the discrepancy between the 
wave theory and the corpuscular theory of light. IMoreover, it has recon- 
ciled the new discovery of electron diffraction, which is described in the 
preceding chapter, with the older concept of matter. This young branch 
of theoretical physics, which requii-es an advanced mathematical treatment, 
does not readily lend itself to an elementary discussion; nevertheless, we 
shall try to give an outline of the underlying ideas. 

Dealing with the Compton effect, caused by X-ray or gamma-ray quanta 
colliding with free electrons or atoms (Sec. 19.1j), we associated a mo- 
mentum = hv/c with a quantum. Rays of the shortest wave lengths, i.e., 
hard g-nTrima rays, have the largest momenta. The relation between the 
wave length \ and the momentum is easily Tmtten (replacing v, c by 1, X) 

Momentum = ^ 

This relation, which is no longer new for gyanta, was applied to corpuscles 
in a purely speculative way by L. de Broghe (1922) before Davisson and 
Germer discovered the pattern of scattered electrons resembling diffrac- 
tion. De Broglie argued as follows: 

Determinatioii of the stable motion of electrons in the atom introduces integers; 
and up to this point the only phenomena involving integers in physics were those 
of interference and of normal modes of vibration. This fact suggested to me the 
idea that electrons, too, could not be regarded simply as corpuscles, but that 
periodicity must be assigned to them. 

Hence by analogy with the equation correlating the wave length of light 
and the momentum of a quantum, de Broglie introduced the hypothesis 
that to any corpuscle of momentum mv a wave length X is mysteriously 
attributed 

^ 

momentum my 

In 1922, this definition of the de Broglie wave length X seemed remote 
from any direct relation to an experiment. 

After the publication of the preliminary experiments of Da\isson and 
Germer, Elsasser (1925) found that the de Broglie wave length of the 
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electrons incident on the nickel crystal gives a striking explanation of the 
complicated pattern observed among the scattered electrons (Fig. 252 
In the preceding chapter, from the diffraction pattern observed we com- 
puted the wave length 1.65 X 10“® cm. On the other hand, for 54-volt 
electrons the de Broglie wave length is computed to be 1.66 X IQ-s cm in 
excellent agreement with the experimental value. The simple equation 
correctly predicts the shift of the diffraction maxima brought about bv 
an increase of the accelerating potential. Furthermore, a good agreement 
with the de Broglie wave length is reached in G. P. Thomson’s diffraction 
pattern (Fig. 25.4). This is a surprising fruit of what appeared to Ijcu 
mere mathematical speculation. 

The value of de Broglie’s hypothesis is evident when we find that it 
replaces Bohr’s quantum condition defining the stationary states of the 
hydrogen atom. It is argued that stationary states are analogous to sta- 
tionary waves in a string, which are defined by the well-lmown condition 
that a whole number of half wave lengths equals the length of the string. 
In order to apply this idea to the revolving electron, we first express the 
linear velocity v of the revolving electron (mass ju). This enables us to 
define the de Broglie wave length X — h/ (/jlv). By analogy with stationan 
waves, the hypothesis is introduced that the only stationary orbits are 
those whose circumferences are multiples of the de Broglie wave lengths. 
The radii of these stationary orbits are computed as follows: We proceed 
systematically as in Bohr’s theory (Sec. 15.4) using the same notation. 
First, we compute the orbits defined by classical mechanics 


fiv^ _ 
r 


or 



As far as this step goes the variables v and r cover continuous ranges be- 
tween 0 and 00 . From the continuous assembly of orbits so defined we 
select the quantized orbits, but now replacing Bohr’s quantum condition 
by the new condition for stationary orbits 

nh 
fiv 


2m = nX = 


From the last two equations we eliminate the variable v and so express 
the radius r of the orbit in terms of the quantum number n and the funda- 
mental constants 


This equation describing the quantized orbits is identical with that given 
by Bohr. We do not need to continue the theory since the computation 
of the energies and the predicted frequencies of the spectral lines is identical 
with that given in Bohr’s theory. Hence, de Broglie's quantum condition 
is equivalent to Bohr’s quantum condition. 
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De Broglie’s hypothesis of matter waves has been the starting point of 
m'e mechanics (Schrodinger, 1926J which replaces Newtonian mechanics 
in the description of the motion of the lightest particles, hence, in par- 
ticular, of processes within the atom. An equivalent description of such 
processes has been given by Heisenberg’s “matrix mechanics (1925). We 
shall report some results of Schrodinger’s wave mechanics as well as it can 
liriefly be done without integrating diflferential equations. In wave me- 
chanics Schrodinger gives a mathematical form to de Broglie’s hypothesis 
by introducing a “wave equation” and postulating that the stationary 
states are defined by integrals of this equation meeting certain conditions. 
Wave mechanics covers a wider ground than the older quantum theory 
of Bohr and Sommerfeld. This will be clear when we briefly survey the 
successes of the new theory. First of all, it explains electron diffraction. 
The spectrum of the hydrogen atom (including the effects of magnetic and 
electric fields and fine structure) is represented as well as by the older 
theory of Bohr and Sommerfeld. Wave mechanics surpasses the older 
theory by giving account of the intensities as well as the frequencies of the 
spectral lines. The spectrum of the “two-electron system,” i.e., the helium 
atom, which is not covered by Bohr’s theory, is correctly predicted as far 
as we are able to carry through the mathematical treatment. Many 
general features of the spectra of more complicated atoms and of molecules 
are correctly described. An outstanding success of wave mechanics con- 
sists of the description of the chemical bond (Heitler and London, 1927). 
In our brief discussion of polar molecules (Sec. 18.5) we emphasized the 
fact that the Coulomb attraction between positive and negative ions is 
only one aspect of the chemical bond because this force fails to describe 
the molecules of elements like H 2 . Wave mechanics, however, predicts 
the properties of the hydrogen molecule and thus gives the general idea 
of the “nonpolar bond.” In nuclear theory likewise, the successes of wave 
mechanics are great. 

It is no objection to the validity of \vave mechanics that our mathe- 
matical technique fails in the solution of the more complex problems. The 
theor\' of the hydrogen atom has been carried through in great detail. 
But the helium atom, consisting of a nucleus and 2 electrons, offers mathe- 
matical difficulties as great as the “three-body problem” in astronomy 
which has been solved only for special cases by approximations. Hence, 
for more complicated atoms and molecules we are unable to integrate the 
equations. But the successes are so great that there is no doubt of the 
validity of the general idea. 

Wave mechanics explains the great advantage of the electron microscope 
iSec. 8.2c) over the well-knovm optical microscope. For both instruments 
the resolving power is limited by the wave nature of the light and of the 
electrons to about one-half of the wave length applied. This limit is for 
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visible light about 2.5 X 10“® cm and for 60,000-volt electrons used in an 
electron microscope about 2.5 X 10”“ cm. The limiting resolving power 
has technically been reached many years ago for the optical micro8e(^ 
while the electron microscope, although surpassing the optical mioroseqie 
(Fig. 8.7), is, at its present stage of development, far from its theoreticij 
limit. 

Our starting point was the discrepancy between the two opposed theories 
of light By introducing wave mechanics, i.e., by introducing the same 
discrepancy into the description of 'particles, we have apparently only made 
the situation worse. What is the significance of waves describing the mo- 
tion of quanta or partidesf The answer has been given by Bom (1926j. 
The discrepancy is intolerable when we assume that the quanta and the 
particles are governed by the laws of ordinary mechanics. This idea must 
be discarded. It is replaced by the assumption that the light waves guide 
the motion of quanta and like\vise the de Broglie waves the motion of 
particles. This has the following significance. When electrons (mass jui 
of a certain velocity v are incident on a nickel crystal, we predict their 
motion by computing the propagation of the waves of wave length \ 
= h/fJLV, diffracted by the nickel crystal and so foiming the characteristic 
pattern described. The maxima indicate that here plenty of electrons 
will travel while the minima predict that here no or hardly any electrons 
will travel. Strictly speaking, the hypothesis is made that the square oj 
the amplitude, computed for any spot in the diffraction 'pattern, is proper- 
tional to the probability of finding electrons traveling through this spot 
Hence the de Broglie waves are not identical with matter, and they are 
not uniformly covered with matter or energy. They have only the rather 
abstract significance of describing a probability. When we assume a very 
weak electron current, say 1 electron per second, hitting the nickel crystal 
we may be able to notice the individual electrons (e.g., by scintillations 
on an ideally sensitive screen) showing up here or there; by obsening 
their distribution through many days we expect to find the same diffrac- 
tion pattern that would show up all at once if the electron beam were 
a billion times more intense. This extreme example illustrates that we 
think of the waves and their diffraction pattern as existing permanently; 
this pattern is valid even if only once in a while it has a chance to guide 
an electron. We shall come back to this example when discussing the 
uncertainty principle. 

The same idea applies to light waves guiding quanta and so producing 
an interference pattern. The light waves are not supposed to be uniformly 
covered with energy; they only provide the guidance for the quanta in 
which the energy is concentrated. Again, in the case of an extremely 
weak light ray, we think of the waves as existing permanently although 
only once in a while there comes a quantum that needs guidance. The 
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concepts of waves, on the one hand, and quanta or particles, on the other, 
are not mutually exclusive but complementary to each other. Our old 
warning (Sec. 11.3) still holds that the analogy between light waves and 
matter waves should not lead to the conclusion that light is a special 
kind of matter. A striking distinction is given by the fact that light in 
vacuum always travels with the velocity 3 X 10“ cm, sec; matter never 
does. 

We shall better appreciate how this theory resolves the discrepancy when 
we consider the extreme cases of short and long waves, first light waves 
and next matter waves. 

1. For very short light waves the theory predicts a diffraction pattern so 
narrow that practically rectilinear propagation results. This is obsen^ed 
for gamma rays. The distribution of the energy is far from uniform since 
the individual quantum carries a very large energy which, for example, 
may be delivered to an individual nucleus and so show up by an individual 
cloud-chamber track in nuclear photoelectric effect or by pair production. 

2. Very long light waves are identical with radio waves. They show pro- 
nounced diffraction and so readily go around corners. The distribution 
of the energy is practically uniform all over the wave front since the in- 
dividual quantum carries an energy of only, say, 1/10® that of a quantum 
of \isible light. Since no effects of these individual, exceedingly small 
quanta are to be expected, radio waves are in every respect satisfactorily 
described by Maxwell’s classical theory of electromagnetic radiation. 

3. Very short matter waves belong to all motion observed in daily life 
(see Prob. 26.1). The theory predicts rectilinear propagation. This agrees 
with the facts described by Newton’s first law stating that all bodies not 
subjected to forces travel in straight lines. Here is the connecting link 
between wave mechanics and Newton’s mechanics which is supposed to 
be only approximately valid. 

We mentioned in Sec. 8.4 that Newton’s mechanics breaks down for velocities ap- 
proaching that of light; here we find another limitation coming into effect for the lowest 
velocities or, rather, the lowest momenta. Between these extremes, there is an immense 
range in which not the slightest deviation from Newton’s mechanics has ever been 
observed. 

Now we understand why the observation of these diffraction patterns 
is restricted to the lightest particles. They are the only ones that show 
diffraction that is just observable with X-ray technique. All heavier bodies 
have de Broglie wave lengths so extremely short that we fail to observe 
any diffraction. 

4. Finally, very long matter waves do not occur practically. They would 
belong to very slow electrons which, however, cannot be handled experi- 
mentally. The fact that practically all matter waves are so much shorter 
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than light waves explains why electron diffraction has been observed only 
two and a half centuries later than the diffraction of light. 

Wave mechanics has introduced a fundamentally new concept into 
physics by describing the motions of particles only in terms of certain 
probabilities. Here it is important that wave mechanics does not pretend 
at all to predict the motion of one individual particle. Going back to the 
example mentioned above, we consider 1 electron traveling from the fila- 
ment to the nickel crystal. Into what direction will it be diffracted? The 
theory fails to give the answer since it makes only a statement regarding 
the statistical distribution of very many electrons. 

The theory, however, goes one great step fui^ther. Heisenberg, in hk 
mncertainty principle, argues that this is not a deficiency of our theory 
but that it is fundamentally impossible to describe the motion of the ia- 
dividual particle in all detail, more specifically, that it makes no sense to 
give an accurate statement regarding the position and velocity of a particle. 
This will be understood when we consider the problem of measurements 
from the operational point of view,^’ emphasized as a general guiding 
idea by Bridgman. He argues that the definition of a physical quantity 
makes sense only if the operations required for its measurements are fully 
described. How is the position of a particle measured by the ideal physick 
who commands the most refined apparatus? He observes the position 
under a microscope. Since its resolving power is limited to about one 
half wave length of light he has a choice; either he uses visible light and 
so determines the position with only low accuracy, or he constructs a 
special microscope for gamma rays and so obtains an accuracy a million 
times higher, but still limited. But here he mns into a fundamental 
trouble that he cannot overcome by refinement of his apparatus. The 
gamma ray, which shows the position of the particle, knocks it out of the 
way by the Compton effect. Hence he loses his chance of obser^’ing 
the velocity since this requires two determinations of the positions separated 
by a certain time interval. So this is his dilemma: If he uses light of 
long wave length, then the velocity is hardly disturbed but the position 
is not exactly measured; if he uses light of short wave length, the situation 
is reversed. In any case he is fundamentally unable to measure both 
quantities, the position and the velocity, with unlimited accuracy. This 
is an outstanding example of Heisenberg’s uncertainty principle. 

The principle deeply affects the fundamentals of thought in physics. 
It shows a limitation of the principle of causality which seemed to be the 
foundation of all research in science. This Avill be evident when we compare 
wave mechanics with Newton’s mechanics. The causal principle has found 
its mathematical expression in Neuiion’s mechanics. There we learn that, 
when we know all positions and velocities of an isolated system of masses, 
we can predict its future. Heisenberg’s uncertainty principle takes ex- 
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ception to this statement. His principle claims that this statement, al- 
though not wrong, is void because we are fundamentally unable to fulfill 
the condition, i.e,, to know accurately both the positions and the velocities: 
hence we shall never be able to predict the future, e.g., of an individual 
electron or hydrogen atom, except with a certain lack of accuracy, lliis 
applies especially to individual, very light particles while the uncertainty 
is negligible for heavy bodies. 

The physicist doing experimental research with the most refined tools 
practically available need not be worried by the uncertainty principle be- 
cause the observations practically accessible to our instruments are ever 
go much cruder than what the theoretical physicist is able to visualize; 
for the time being, there is no gamma-ray microscope. But it is important 
to distinguish this practical limitation from the fmida7ne7ital limitation that 
would make the gamma-ray microscope useless for our purpose. There- 
fore, this practical consideration does not detract from the great importance 
of the principle. After finding the limitations of so many apparently well- 
established law’s of physics like Newton's mechanics and the conservation 
of mass, finally w’e come to a limitation even of the piinciple of causality. 

This then is the outstanding result of tvave mechanics. Particles as w’ell 
as quanta of light do not follow the laws of ordinary mechanics but, in- 
stead, are governed by weaves, w’hich by their amplitudes predict the prob- 
ability that a particle or quantum wdll travel in one or the other direction. 
For matter this effect of waves is noticeable only for the lightest particles 
when traveling with low’ velocities. For light as w’ell as for matter there 
is no alternative betw^een the corpuscular theory and the w’ave theory’; in- 
stead both aspects supplement each other. It is a strange idea that the 
obsen’ations practically accessible in laboratory experiments can be pre- 
dicted by a theory that is fundamentally unable to describe the fate of 
individual quanta or electrons, hence gives up the principle of causality 
as applying to these individuals and instead describes then* fate only by 
statistical statements. 

The student who is not satisfied by our vague outline of w^ave mechanics 
should realize that the thorough study of this field presupposes several 
years of mathematical preparation. 


SUMMARY OF CHAPTERS 25 AND 26 

When electrons of uniform velocity impinge on a single nickel crystal, the 
scattered electrons show’ a striking pattern resembling a diffraction pattern 
that varies w’ith their velocity (Davisson-Germer experiment). Similar 
patterns have been discovered for rays of helium atoms and hydrogen 
molecules scattered by crystal surfaces. 

These patterns are quantitatively explained by attributing to each 
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particle (mass ju, velocity v) the wave length X = h/fiv, called “de Broglie 
wave length,” and applying the theory of X-ray diffraction. 

De Broglie’s idea of matter waves leads to Bohr’s condition for the 
stationarj-^ states of a revolving electron when we postulate that only such 
orbits are stationarj’ for which the circumferences of the circles are mul- 
tiples of the de Broglie wave lengths of the electrons. 

The idea of waves attributed to particles has been generalized and 
mathematically expressed in Schrodinger’s wave mechanics. This theory 
covers a much wider range of atomic phenomena than the older theory of 
Bohr and Sommerfeld. 

The dilemma between the corpuscular theory and the wave theory is 
solved by the hypothesis of Bom who assumed that the amplitudes of 
matter waves indicate the probabilities for particles like electrons to travel 
in one or the other direction. When the electric current is exceedingly 
weak, only once in a while is an electron traveling; nevertheless the waves 
have the permanent significance of guides for electrons although they are 
not permanently covered with uniformly distributed mass or energy. The 
analogous statement applies to the relation between light waves and light. 
quanta. 

Wave mechanics makes only a statement regarding the statistics of many 
processes, not regarding the individual process, e.g., the scattering of one 
individual electron from a nickel crystal. Heisenberg’s uncertainty prin- 
ciple claims that this is not a deficiency of wave mechanics but that we 
are fundamentally unable to predict the fate of individual particles because 
we cannot measure both their positions and velocities with unlimited 
accuracy. 

PROBLEM 

26.1. Mafter wares. Compute the de Broglie wave lengths of the following bodies: 
(a) 1-volt electron; (&) 10-volt electron; (c) electron in Bohr’s first orbit; (d) hydrogen 
atom at 0°C; (e) 100,000-volt proton; (/) mass of 1 g moving at a velocity 1 cm/sec; 
(g) automobile (2 tons) at 50 mph. 
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The theorj' of atoms has its origin in antiquity in the speculations of 
Democritus (400 b.c.) who originated the idea of an indivisible particle 
and called it an “atom.” From Democritus to modern timo-s there has 
been a great deal of theorizing on atom.s without sufficient correlation to 
observed facts. The great step due to Dalton (lS03i consistetl of giving 
a firm basis to the atomic hypothesis bj* successfully appljnng it to the 
interpretation of the fundamental facts of chemistry. In chemistiy each 
atom is characterized by its relative weight and its chemical properties. 
Because of the great importance of this idea, chemistiy has developed into 
an independent realm of science. In the theory of gases (Joule, Clausius, 
Maxwell, initiated in 1848) the chemical properties of atoms and mole- 
cules become irrelevant, and one describes each molecule by its mass=, size, 
and speed thus explaining the pressure and viscosity of gases. The next 
great step was the discovery of the atomic structure of free electricity (J. J. 
Thomson, 1897) where each electron is described by its mass and charge. 
(We did not elaborate that detail of the structure of spectra where a spin, 
i.e., an angular momentum and an associated magnetic moment, is at- 
tributed to each electron.) For the emission and absorption of light the 
quantum structure of light (Einstein, 1905), inferred from the photo- 
electric effect, is equal in importance to the atomic structure of matter. 
These three outstanding results — the atomic structure of matter, the elec- 
tronic structure of electricity, and the quantum structure of light — form 
the foundation on which our knowledge of the structure of individual atoms 
is built. 

The theorj' of the structure of individual atoms is based on Rutherford’s 
obser\'ation of the scattering of alpha particles in metal films which led 
him to the idea of the nuclear atom (1911). Here the nucleus is summarily 
described as having a certain mass (given by the atomic weight ) and charge 
(given by the atomic number). In Bohr’s theory (1913) detailed rules are 
assumed for the computation of the quantized orbits of a revolving 
electron and the frequencies of the spectral lines that are due to transitions 
between these orbits. This theory predicts in great detail the spectrum 
of the hj’drogen atom. We described brief! j' the spectra of the more com- 
plicated atoms. Their analj'sis had started before Bohr’s discovery. But 
this discovery led to a more profound understanding and to new experi- 
mental methods for their investigation. Later (1925) the verj' foundation 
of atomic physics was rebuilt by the discovery of wave mechanics. 

343 
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In a way, quantum theory may disappoint the beginning student. In 
classical physics he derives satisfaction from the understanding of phe- 
nomena. For example, when taught the wave nature of light, he feels that 
the wealth of interference and diffraction experiments well fit into his 
experience derived from obser\ung water Avaves. In quantum theory, hoAA"- 
ever, he cannot at all judge, on the basis of his experience, Avhether or 
not a hj'pothesis is plausible. Bohr’s hypothesis, concerned with the 
angular momentum of a reAmhdng electron, bears no relation AA^hatever 
to his experience. This is unavoidable in a theory that claims that the 
interior of the atom is not described by classical physics. Here our judg- 
ment on the A^alue of the theory is based only on the comparison of the 
theoretical prediction and the observed fact. 

In recent years great progress has been made in the analysis of the 
nucleus. It is typical of the nucleus that the energies involved are about 
a million times larger than those of chemical reactions. Here the progress 
in our knowledge is all bound to the deA^elopment of machines providing 
energies of millions of electron volts, as LaAvrence’s cyclotron (1930). This 
has led to a great development in experimental technique as well as in 
theoretical ImoAvledge of the nucleus. Noav the nucleus can be described 
as built of so many particles although the forces keeping them together or 
making them explode are by no means knoAAH so Avell as the forces govern- 
ing the electronic structure of atoms. 

Most strildng is the high deA^elopment of experimental technique, AA^hich 
is indispensable in nuclear research. For example, in the investigation of 
nuclear reactions the utmost development is involved in high potential 
apparatus, electron tubes, vacuum chambers, large magnets, chemical 
analysis, Geiger counters, cloud chambers, mass spectrographs, and other 
devices. The teamwork of experts familiar Avith the various experimental 
methods is as indispensable for fruitful Avork as is the cooperation of ex- 
periment and theorj^* 

From this historical surA’-ey we shall try to derive a critical attitude 
toAvard the method of research. First of all Ave notice the interlocking of 
experiment and theory. In most cases, the experiment comes first, and 
next the simplest possible theory is deAused such that its principles permit 
a derivation of the observed facts. In order to make clear how completely 
our theoretical laiowledge is based on experiments, Ave may, however, have 
OA^erstated this development by first discussing the experiment and then 
the theory. Historically, a great share of the progress is due to bold 
theories, many of them finally proAung AATong but their AA^hole assembly 

* Students who wish to become acquainted not only with the facts and theories but, 
beyond that, with the method of research are advised to study such monographs as R. A. 
Millikan’s book referred to in Sec. 9.1 and H. D, Smyth’s book mentioned in a footnote 
to Sec. 23.1. 
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stimulating experiments. But the experimental result is considered the 
supreme judge of what is true. 

In a way, history should make us skeptical by revealing mistakes, but 
it gives us greater confidence when we observe the correction of mistakes. 
History makes us skeptical because it makes manifest how limited our 
knowledge is. This inevitable limitation was not universally recognized 
in the late nineteenth century, 2 .e., in a period in which all our physical 
knowledge seemed so well rounded that it could be considered to be essen- 
tially complete. Typical of this older attitude is Michelson’s judgment 
(1894) ^'that most of the grand underlying principles have been firmly 
established . . . that the future tmths of Physical Science are to be looked 
for in the sixth decimal place. ’’ 

This was just before the great era of atomic phj^sics, inaugurated around 
1895 by the discoveries of X rays, radioactivity, and free electrons. Since 
that time great new discoveries have not only added to the stock of our 
knowledge but overthro\TO many of our old fundamental concepts, or, 
more preciselj^, manifested their limitations. Let us review such revolu- 
timary changes. Einstein’s theory of relativity (1905) , supported by Michel- 
son’s famous experiment (1881) showed that even the grand underlying 
principles of Newton’s mechanics are not general but valid only within a 
limited range. In the field of light and radiation^ Einstein’s theory of the 
quantum structure of light, apparently contradicting Maxwell’s electro- 
magnetic theory, gave a new interpretation to light waves (1905). Further- 
more, classical electrod 3 mamics, which, in 1894, was believed to give a 
full account of electricity and light, was repudiated by Bohr in his theory 
of the radiation from hydrogen atoms (1913). In atomic physics the revo- 
lution started with Thomson’s discovery that the atom — contrary to the 
meaning of the word — can be split into parts (1897). More profoimd is 
the change in our understanding of matter due to the discovery of the 
transmutation of the elements, spontaneous (1902) and artificial (1934). 
Even the law of conservation of matter, although representing the most 
primitive experience, has been recognized as being only, an approximation 
and merged with the more general law of conservation of energy (1906) ; 
annihilation of particles (1932) is now considered to be a well-established 
process. Our concept of the nature of matter has further been revolution- 
ized by the discovery of the wave nature of matter (1926). This new 
theory describes the motion of the smallest particles by an argument in 
which even the principle of causality, although apparently the foundation 
of all research in science, is questioned (1927). 

This consciousness of the limitations of our knowledge prevents us from 
predicting what will happen outside the range explored by experiments. 
Machines now under construction greatly expand the energy range of our 
nuclear projectiles. What fundamentally new results should we expect 



346 INTRODUCTION TO ATOMIC PHYSICS 

from these new experiments? We admit that we cannot answer this 
question. 

Another aspect of the inadequacy of our knowledge and foresight is the 
historical fact that great discoveries, forming cornerstones within modem 
atomic phj'sics, have been made where nobody could anticipate them. 
This is true of the discoveries of X rays by Roaitgen and radioactivity by 
Becquerel. It is just as valid for great theoretical advances like Einstein’s 
theory of the quantum structure of light and is strikingly true for the most 
unexpected of all discoveries, de Broglie’s idea of the wave nature of 
matter. 

Although histoiy makes us skeptical by showing the limitations of our 
knowledge, at the same time the history of the last half century strengthens 
our confidence in our methods. In the Introduction we called attention 
to the gap between experiment and theory, which in atomic physics is 
wider than in any other branch of physics. We mentioned the critical atti- 
tude of a distin guis hed chemist who as late as 1904, after a century of 
triumphs of the atomic hypothesis applied to chemistry, questioned the 
very existence of atoms stating that “the atomic hypothesis has the special 
advantage that it cannot be disproved because it is not accessible to an 
experimental test.’’ This chemist gave up his criticism only after- the 
discovery of positive-ray analysis which, by entirely independent experi- 
ments, confirms the atomic hypothesis and quantitatively leads to the 
same set of atonrie weights as determined by chemical methods (Secs. 2.2 
and 8.3j. 

'This is the type of coirfirmation which strengtheirs orrr confidence in 
our theory although we must admit that, to an outsider, our elaborate 
structure of theories may seem more fragile than ever before. The non- 
scientist may be shocked by the fact that, instead of single theories like 
the existence of atoms, we are now building long chains of theories, each 
theory linked to a preceding one, the first link being the existence of atoms, 
the last link , say, the structure of the nucleus. We used “neutron chem- 
istry” as an example of a long chain of experiments interlinked with theo- 
retical interpretatioirs (Sec. 22.7). They are all needed for explaining w'hat 
happens when we place a radium sample, a piece of beryDimn, and a piece 
of aluminum close together, in other words, when fast neutrons are causing 
a transmutation of aluminum nuclei. 

How sure are we that these chains of theories will hold together? Our 
firm confidence is based on the fact that, beyond the experimental test 
for the individual theory, we find numerous cross checks for the entire 
system. For example, Planck’s constant h appears in the theories of five 
independent experiments: (1) black-body radiation, (2) the photoelectric 
effect, (3) the spectrum of the hydrogen atom, (4) the continuous X-ray 
spectrum, (5) the excitation potential of atoms determined spectroscopi- 
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cally and by electron impact. All five methods lead to the identical nu- 
merical value of Planck’s constant although the experiments proper, when 
■ we disregard the theory, seem unrelated. However well these chains of 
ideas are checked, their complication gives us a warning. We must not 
be surprised if theories are modified as was the case when Bohr’s theory was 
gradually developed into wave mechanics. A theorj' may well represent 
a great step toward the truth, it may be useful by leading to new dis- 
coveries, yet it must not be considered to be infallible. 

Warn sur\’eying the vast realm of observations from the viewpoint of 
our theoretical knowledge, like suiv^ejing a country from the summit of a 
mountain, we are impressed by the fact that the perspective is thoroughly 
changed. The physicist who would reject the theory and simply list ob- 
served facts would be unable to organize and remember the wealth of 
material. Seen from the high viewpoint of the theory, however, the obser- 
vations look much simpler, connecting links otherwise hidden become evi- 
dent, the access to new' branches hitherto unknown is discovered, the 
judgment of what is unimportant or important is thoroughly changed. 


I 




APPENDIX 1 

UNITS 


The difficulties with units experienced by the beginning student vanish 
when he consistently applies one system of units, e.g,, metric absolute 
units, specifically in electricity absolute electromagnetic units. He must 
keep in mind that some equations of physics contain constant factors that 
depend on the choice of the system. For example, Coulomb’s law (for 
vacuum) when expressed in electromagnetic units contains the factor 
where c is the velocity of light; but when expressed in electrostatic units, 
it does not. Therefore, strictly speaking, with each equation (definition 
or law) the system of units should be specified although this is not done 
usually because ambiguities, like the above, are rare. 

In many problems the situation is confusing because the units are given 
as they are read on technical instruments, or easily derived from such 
readings, as, for example, miles per hour, foot-candles, calories, electron 
volts, or kilowatt-hours. Then a safe method consists of converting all 
units to those of the absolute system mentioned above. The accompanjdng 
table, Electromagnetic Units, will help in doing so. It lists the electric 
and magnetic quantities in the order in which they are defined in the 
absolute electromagnetic system. 

Another less comprehensive system is formed by the practical units: 
ampere, coulomb, volt, ohm, farad, henry. They are defined, in combina- 
tion with the units joule and watt, so that a group of important equations, 
namely, the equations for electric circuits, can be used with these practical 


Electromagnetic and Practical Units 


Quantity 

Magnetic pole 

Magnetic field 

Electric current . . . 
Electric charge. . . . 
Electromotive force 

Electric field 

Resistance 

Capacitance 

Inductance 

Energ}" 

Power 


1 emu Equals 
No practical unit 
No practical unit* 
10 amp 
10 coulombs 
10”® volt 
10“® volt/cm 
10”® ohm 
10® farads 
10”® henry 
10”^ joule 
10"’^ watt 


Oersted’ 


does not belong in the practical system but is another name for emu of magnetic firid. 
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units as well as with absolute electromagnetic units. But this limits their 
usefulness. One cannot apply them, for example, to the computation of 
a magnetic field H near a wire carrying a current I unless the equation is 
specifically adapted by a numerical factor. This equation, therefore, re- 
quires a statement of the units applied. The same applies to Faraday’s 
law of induction. 

The absolute sj'stem mentioned above is corwenient in scientific papers. 
It is not the only correct system prescribed by a law of nature, because it is 
based on arbitrary definitions. The mhs system is based on the meter, 
kilogram, and second as fundamental units and gives dimensions to the 
dielectric constant and permeability. It has the advantage that the prac- 
tical electrical units mentioned above (ampere, coulomb, volt, ohm, farad, 
henrj', joule, watt) are members of the system. In this system the electric 
field is measured in volts per meter (1 emu = 10~® volt/m) and the mag- 
netic field in ampere-turns per meter (1 emu = 10® amp-turns /m). 

In any case the choice of the system (with the corresponding factors 
adapting the equations) is arbitrary. In most problems one system or 
another is recommended for the sake of convenience. The student, how- 
ever, should realize that the difficulty in the choice of units is not inherent 
in nature but is arbitrarily introduced into physics. This is evident from 
the fact that one can cover the whole field of physics while applying only one 
system of units. 

In the present book we give preference to the absolute electromagnetic 
system. Only in Bohr’s theory, following the majority of books, do we 
apply the electrostatic system. This means only that, in the discussion of 
Bohr’s theory we write Coulomb’s law without the factor <?. As we are 
dealing only with measurements in vacuum or near vacuum, we assume 
throughout that the dielectric constant and the permeability are unity. 


I 
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DEMONSTRATION AND LABORATORY 
EXPERIMENTS 

REFERENCES 

Hoag, J* D. and S. A. Korpp, “Electron and Nuclear Physics,” 3d ed., D. Van Nostrand 
Co., Inc., 1947. 

Harnwell, G. P., and J. J. Livingood, “Experimental Atomic Physics,” McGraw-Hill 
, Book Company, Tnc., New York, 1933. 

Sutton, R. ^I,, “Demonstration Experiments in Physics,” McGraw-Hill Book Com- 
pany, Inc., New York, 1938. 

Most of the experiments listed here have been performed at the Jefferson 
Physical Laboratory of Harvard University; additional experiments are 
described in the references. This list includes only those experiments which 
are on the same level as the rest of the text and which require only equip- 
ment available in most laboratories. 

A. LECTURE-ROOM DEMONSTRATIONS 

3.1. A force as product by a homhardinent The experiment is described in the text. 
An inexpensive two-pan balance is good enough. The motion of the pan that carries 
the steel plate is damped by a horizontal disk mounted under the pan, dipping into oil. 
The pointer of the pan is mounted upward and the force is measured by the deflection 
of this pointer. A shadow of the whole apparatus can well be projected by an arc lamp, 

3.2. Model of a gas. After R. W. Pohl. 

4.1. Microprojection of Brownian motion. After R. W. Pohl. The last two experi- 
ments are described by N. H. Black, J, Ckem, Education^ 6, 868 (1928). 

6.1. Long free path of atoms at low pressure, A silver bead S is fixed on a tungsten 
helix and evaporated in high vacuum (Fig. App. 2). The silver transmitted through a 
cross-shaped diaphragm D is deposited on the glass w-all W and there forms a cross. 
The apparatus is connected with a diffusion pump. 

8.1. Low-pressure electric discharge. This shows a cathode ray and a positive ray 
(Central Scientific Company, experiment of Knipp and Kunz). 

8.2. Measurement of e/ju. K. T. Bainbridge, Am. Phys, Teacher^ 6, 35, (1938). 

8.3. The cathode-ray oscilloscope. Electric deflection, magnetic deflection; both 
deflections compensating one another. 

9.1. Stokes* law. Fall of small steel spheres through glycerin, to be projected. 

10.1. Space-charge current and saturation current, Hoag and Korff, pp, 103, 116. 

11.1. Photoelectric effect, Sutton, p. 488. 

14.1. Penetrating power of alpha and/or beta particles. Discharge of an electroscope by 
rays from a radium sample, Sutton, 502. For a radium D sample, see Hoag and Korff, 
p. 295. 
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15.1. Balmer series, A powerful discharge (0.4 amp) through a water-cooled low- 
pressure discharge tube is needed to project the two or three fii-st lines of the Balmer 
series on the screen. 

17.1. Excifatim of neon by controlled eUciron impact, G. Hertz, Z, Physik^ 22, 18 
(1924). A difficult experiment. 

17.2. Ionization of mercury vapor by controlled electron impact Sutton, p. 474. 

17.3. Potential drop near cathode of low-pressure discharge. A-c discharge of Fig. 17.4^ 
2 in. 'v^’ide, 10 in. long, pressure of air so low that the dark space in front of the cathode 
is 3 or 4 cm long; electrostatic voltmeter to be connected with electrodes or cathode and 
probe at a distance from the cathode of about 3 or 4 cm at the edge of the dark space. 
The probe consists of a thin metal wii-e sealed through the cylindrical glass w'all. 


w 


To 

Pump 

Fig. App. 2 (scale 1:3). Demonstration of the long mean free path at low’^ pressure. 
Silver atoms evaporating from the bead S form a deposit with the shape of the dia- 
phragm D on the wall W. 

17.4. Absorption spectrum of sodium vapor. Sutton, p. 476, 

17.5. Absorption spectrum of chlorophyll, Sutton, p. 415. 

17.6. Fluorescence radiation of iodine vapor, A few iodine crystals are distilled into a 
highly evacuated glass bulb (diameter 8 in.) ; the bulb is sealed off. The light from a 
carbon arc concentrated by a condenser lens produces intense fluorescence radiation. 

17.7. Fluorescence radiation of sodium, R. W. Wood, Phys. Rev,, 66, 1172 (1939). 
(W. M. Welch Co., Chicago, 111.) 

17.8. Fluorescence radiation of kerosene. Excited by ultraviolet light (Stokes^ law*). 
Sutton, p. 417. 

17.9. Phosphorescence. Illumination of certain powders excites phosphorescence 
radiation. 

17.10. Fluorescence radiation of iodine vapor, quenched by air (impacts of the second 
kind). Another bulb is prepared like the one just described; before the sealing off, 1 atn^ 
of air, made dustfree by filtering through glass wool, is admitted. This bulb shows 
absorption of light but no fiuorescence radiation. 

X rays, Sutton, p. 495. P. Kirkpatrick, Am. J. Phys,, 9, 14 (1941) and 10, 233 (1942). 

19. 1. The turning-crystal spectrometer. In the spectrometer described by Harnw’ell and 
Ldvingood (p. 351) the line Ka of molybdenum can be demonstrated with the help of a 
well-shielded Geiger counter. 

21.1. Geiger counter. See A. L. Hughes, Am. Phys. Teacher, 7, 271-292 (1939). 
Alpha and beta rays can be distinguished by a counter with mica window and various 
absorbers. The counter can be made sensitive for alpha rays only by applying a sub- 
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normal voltage. Beta and gamma ray.s (‘an he distinguished bj’ their widely different 
]>enetrating power. 

21.2. Raiige of alpha partiden. Sutt(jn, p. 502. 

^ 21.3. Wilson cloud chamber for projection. Sutton, p. 504; R. Hilseh, Physih Z., 40, 
504 (1939). A weak radium D sample shows tracks of the alpha rays from polonium. 
Fur the preparation of the sample, see Hoag and Korff, p. 295. 

Neutron demofistraiio7is. Described by R. D(>pel, Phijsik. Z., 38, 980 (1937; and C. 
Gerthsen, Verhnndl. dent physih Ges., 3. Reihe, 19. Jahrgang. Xo. 1, p. 18 (1938). 
A strong neutron source permits very impressive demonstrations of artificial radio 
activity and uranium fission by slow or fast neutrons (J. R- Dunning i. 

The processes occurring in the atomic bomb and the pile are \isualized in the film 
‘ Atomic Energ\’” (Encyclopaedia Britannica Instructional Film, Xo. 370). 

25.1. Electron diffraction. Hoag and p. 63. 


B. LABORATORY EXPERIMENTS 


4.1. Distinction betioeen monatomic^ diatomic, and polyatomic gases. Determination 
of Cp/c,, method of Clement and Desormes: method of Kundt's tube. 

6.1. Masses and sizes of molecules. The student measures the density of air, gaseous 
and liquefied, and the viscosity of air. The density of commercial liquid air is likely to 
be higher than that of liquid air of the same composition as the atmosphere (density 
* 0*92 g/cm^) since the commercial product contains an excess of oxygen. Viscosity 
of air, see F. H. Newinan and V. H. L. Searle, “The General Properties of Matter,” 
2d ed., p. 211, The Macmillan Company^, Xe>v York. 

8. 1 . The specific charge of ions (Faraday constant) . Measured with the copper voltam- 
eter. 

8.2. The specific charge of the eledrm. K T. Bainbridge, Am. Phys. Teacher, 6, 35 
(1938). 

The charge onihe electron. Millikan's oil-drop experiment. Hoag, p. 14; Millikan 
(see reference in Sec. 9.1). 

11.1. Photoelectric effect. Planck's constant can be derived with an error of about 10 
per cent. A. J. O'Leaiy, Am. J. Phys., 14, 245 (1946). 

11.2. Black-body radiation. J. G. IMcCue and 0. Oldenberg, Am. Phys. Teacher, 5, 
(1937). 

15.1. The Bahner series of hydrogen. Determination of the Rydberg constant R and 
h^ 'pe*. 


15.2, Comparison of the spectra of light and heavy hydrogen. A spectrograph that 
resolves lines 2A apart is needed. 

16.1. Sodium spectrum in emission. In the spectrum of the carbon arc amply supplied 
with XaoCOa the distinction betw^een the sharp and the diffuse series is evident. Self- 
reversal of the yellow line is noticeable. 

17.1. Excitation potential of mercury mpor. Method of Franck and Hertz. W. Rudy, 
Am. J . Phys., 16, 188 (1948). A tube built for this purpose (the grid close to the plate) 
laay be preferable. 


17.2. Electric discharge through a low-pressure gas. The probe method (see See. 17,2a). 
The discharge tube is connected with a pump; a rotary^ mechanical pump, if in good 
condition, is sufficient. The dark space should be 3 or 4 cm long. 

17.3. Sodium spectrum in absorption. D. C. Stockbarger, J. Optical Soc. Am., SO, 
162 (1940). A quartz spectrograph is needed. With a medium-size Hilger quartz 
spectrograph 28 members of the principal series can be photographed. The positive 
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crater of an arc between pure carbon electrodes supplies the continuous spectrum that 
serves as the background. 

Mercury spectrum in absorption, A glass tube, 10 or 20 in. long, with quartz 
windows contains air and a few droplets of liquid mercury. No heating is needed. 
Other details the same as in the preceding experiment. For the determination of 
Planck's constant, see Sec. 17.4a. 

17.5. Raman effect The mercui-y line 4358 is scattered by CCI 4 , A high-intensity 
(low-dispersion) glass spectrograph is needed. 

For X-ray laboratory experiments see P. Kirkpatrick, Am. Phys. Teacher^ 9, 14 (1941) 
and 10, 233 (1942). 

21 . 1 . Range of alpha particles. Hoag and Korff. With a polonium source andd-c 
amplification {e.g., by the F-P 54) the Bragg curve (Hoag and Korff, p. 283) is measured. 

21 . 2 . Decay of thorium emanation. Hoag and Korff, p. 267. A simple gold-leaf elec- 
troscope may be used. 

22 . 1 , Annihilation of a positron-electron pair (Sec. 22.5). Coincidence counter tubes 
and a positron source are required. 

24.1. Cosmic rays (Sec. 24.1). The experiment requires coincidence counter tubes. 


I 
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FUNDAMENTAL CONSTANTS* 


(The last digit of any figure here given is uncertain, ) 

Velocity of light in vacuum c 2.99776 X 10^*' cm/sec 

Gas constant R 8.3144 X 10’ erg ^(degree mole) 

Avogadro^s number X 6.023 X 10®^ mole"‘ 

Boltzmann constant A* “ RJX 1.3805 X lO"*^'' erg -'degree 

Faraday constant F 96,488 coulomb gram atom ' 

Electronic charge e 1.6020 X lO'^" emu 

Specific electronic charge e//x 1.7592 X 10’ emu/'g 

Mass of electron fx 9.107 X 10"“ g 

Mass of H^-atom 1.6734 X 10~“ g 

Mass of H^atom/mass of electron 1837.5 

Energy of 1 ev : 1.6020 X lO"!® erg 

Energy equivalent of mass of unit atomic weight 931.4 Mev 
Planck’s constant h 6.624 X 10"2’ erg sec 


'^BinaE, R. T , Rev. Modem Phys.t 13, 233 (1941) Quantities that involve the mole are listed on the 
hemieal bcale of atomic wei!;hts (0 » 16.0000 for the natural mixture of isotopes). Du Mond, J \V. M. 
nd E. R. Cohen, Rev. Moiicrn Phya., 20, 82 (1948). 
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STABLE ISOTOPES OF LIGHT ELEMENTS 


Isotope 

Atomic weight**" 

Per cent 
abundance 


1.00894 

100 

iHi 

1.00813 

99.98 

iH® 

2.01473 

0.02 

sHe® 

3.01711 

lo-® 


4.00389 

100 

aLi® 

6.016S4 

7.9 


7.01818 

92.1 

4Be“ 

9.01494 

100 

bBw 

10.01633 

18.4 

jBii 

11.01295 

81.6 

eCis 

12.00386 

98.9 

«Ci» 

13.00766 

1.1 

7N« 

14.00756 

99.62 

tN«s 

15.00495 

0.38 

,0“ 

16.00000 

99.76 


17.00449 

0.04 

80« 

18.00469 

0.20 

,Fi» 

19.00452 

100 

loNe®* 

19.99896 

90.0 

loNea 

20.99968 

0.27 

,oNe“ 

21.99864 

9.73 

uNa® 

22.9968 

100 

isMg®* 

23.99189 

77.4 

laMg” 

24.99277 

11.5 


25.99062 

11.1 

isAl« 

26.9916 

100 

igSi** 

27.9866 

89.6 

uSi® 1 

28.9864 

6.2 

i4Si“ 

29.9832 

4.2 

uP” 

30.9843 

100 


■'Based on 0“ = 16.00000. 
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MEASUREMENT OF NUCLEAR CHARGES BY 
SCATTERING OF ALPHA PARTICLES 


We shall first discuss the deflection of one alpha particle passing near a 
liighly charged, hea^T nucleus and then the probabilities of the various 
deflections of many particles incident on a film of some heavy element. 

An alpha particle, if undefleeted, would pass a nucleus at the smallest 
distance p (Fig. App. 6). The nucleus is supposed to be so heavy that 

no appreciable kinetic energy is transferred to 
it. The computation of the deflection is a 
problem of mechanics, well known to the astron- 
omer because it is the same as the computa- 
tion of the deflection of a comet passing near 
the sun. The angle of deflection 6 is deter- 
mined on the basis of the same fundamental 
equations that describe planetary motion. The 
result is 



, 6 2Z^ 
^2 


( 14 . 1 ) 


where 


alpha particle by a heavy 
nucleus. 


6 = angle between incoming and 
outgoing directions 

2e, p,v = charge, mass, and velocity of 
alpha particle 
Ze - charge of nucleus 
p = shortest distance betAveen nu- 
cleus and incoming direction 
Next we want to find out hoAV probable the various approaches (meas- 
ured by the distances p) are. Since most particles are observed as unde- 
flected, Ave infer that deflections by tAvo or more nuclei may be disre- 
garded. If the film presents n atoms per square centimeter to the incoming 
alpha my, we may attribute to each nucleus an area of 1/n. In order to 
apply the aboA’e equation, Ave must find out hoAA" many particles ai‘e pass- 
ing at a certain distance. As no tAA’o particles are passing at exactly the 
same distance, Ave must alloAv a small margin and ask hoAv many particles 
are passing at distances between p and p + dp; in other words, hoAV many 
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are hitting a ring of the area 2irp dp described about the nucleus. Assum- 
ing -V alpha particles per square centimeter per second, we compute as 


follows; 

Area attributed to each nucleus 1/n 

Number per second incident on area S' ''n 

Number per second incident on ring 2irp dp 27rp dp N 

Fraction of all particles incident on ring = ^ '' 


This fraction computed for one nucleus is identical nnth the fraction of all 
particles passing at distances between p and p + dp from any nucleus. 

In order to introduce observable quantities, we want to compute the 
fraction F of all particles deflected by angles between d and 6 + d6. For 
this purpose, applying Eq. (14.1), we introduce 6 instead of p into the 
last equation and dd instead of dp. Here we need the derivative 

dp _ 1 

d6 ~ 2py2 sin^ [6/2) 

We are not interested in the negative sign since the observer does not differ^ 
entiate between positive or negative values of d6. The final result is 


F 




tan {9/2) sin® (0/2) 


This equation indicates to the experimenter what he must measure. For 
various angles 6 (with an arbitrarily selected small margin dd) the number 
of deflected particles is counted and duided by the total number of par- 
ticles constituting the alpha ray. This ratio represents the fraction F. 
The number n of metal atoms per square centimeter of the foil is com- 
puted from the thickness, the density of the metal, and the mass of each 
atom. The properties of the alpha particle, i.e., 26, p, and a, are known 
(see Sec. 14.1). Thus, as the only unknown in the last equation, the 
nuclear charge Ze is computed. 



APPENDIX 7 

EQUIVALENCE OF MASS AND ENERGY 

Because of its great importance, we want to give a derivation of Ein- 
stein’s law of the equivalence of mass and energy. We largely follow the 
book of M. Bom, Einstein’s Theory of Relativity,” E. P. Dutton & Co., 
New York. We start from a simple problem of mechanics, the firing and 
stopjying of a bullet Presupposing that light consists of quanta (Chap. 11) 
and that each quantum is endowed with a momentum, we shall apply 
essentially the same argument to the emission and absorption of a quantum. 

A railroad car is standing still, able to move without friction. At its 
front wall a gun (mass M) is rigidly moimted and aimed toward the rear 
wall where, at the distance L, the bullet is intercepted by a target of the 
same mass il/, rigidlj'^ moimted in the car, too. It is convenient to assume 
that the mass of the car proper is negligible as compared with the mass 2M 
of the gun and target. When the gun shoots the bullet (mass m, velocity v)^ 
by the reaction the whole car is given a velocity P, easily computed from 
the conservation of momentum 2MV — mv. As soon as the bullet hits 
the rear wall, it transfers its momentum mv to the car. The momentum 
so given to the car is just equal and opposite its momentum 2MV ; hence 
the car stops again. By what distance is the car shifted? It has moved 
with the velocity Y = mv/2M during the time of flight of the bullet {L/v ) ; 
hence the shift of the car equals LV fv = Lm/2M. (In the expression for 
the time of flight we disregard the fact that the bullet does not quite 
cover the full length of the car since, during the same time, the car itself 
is moving in the opposite direction.) 

Whai has happened to the center of gravity of the car? Before the 
shot, because of the sjonmetrical distribution of the masses, the center 
was right in the middle between the gun and the target. After the shot, 
the car has been shifted by the distance d, furthermore the gun has lost 
and the target gained the mass w. The student is asked to compute the 
new position of the center of gravity as seen from an outside observer. 
The result is that the center has remained unchanged. We could have 
predicted this simple result because a general theorem of mechanics (sim- 
plified for our special case) states: The center of gravity (or mass center) 
of a system that is at rest to begin with will remain at rest as long as no 
external forces are acting on the system. 

Now we apply the same argument to the flight of a quantum of light 
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(energy E - hv] momentum = hv/c = E'c). Here we presifppose the the- 
orem of mechanics just confirmed by our computation; as the unknoum 
we compute the mass which the energy- E transfers from the emitter to 
the absorber. In a closed container (Fig. App. 7 ) of negligible mass, which 
is at rest with respect to the observer, two equal bodies, A and i?, (each 
of mass M) are rigidly mounted at the mutual distance L, both able to 
emit and absorb light. When A emits a quantum of energy E in the 
direction toward B, the whole rigid body suffers a reaction since the 
quantum carries the momentum E/c. Thus the container is given a veloc- 



Center of Mass 

Fig. App. 7. The box recoils through the distance d while a quantum travels along the 
box. 

ity T"', computed from the law of conser\’'ation of momentum 2il/T’' = E;c, 
During the time of flight L/e of the quantum, the container moves vAth 
the velocity T". When the quantum is absorbed by the body B it gives 
just the opposite momentum to the container; hence, now it stops. During 
the time of flight it has been shifted by the distance d = time of flight of 
bullet X velocity of container = LEj^&ll, All this is seen by the observer 
who is at rest, outside the container. 

The theorem of mechanics referred to above states that the center of 
gravity of the system has not been shifted by the emission and absorption 
of the quantum. To start vith, this center was exactly midway between 
the bodies A and B because these are assumed to have equal masses at 
the beginning. Although the center of gravity remains unchanged, finally 
both bodies are shifted by the distance d. Hence we are forced to assume 
that the transfer of the quantum of energy E has taken away mass from 
the body A and has given it to the body B. Thus we conclude that the 
addition of energy contributes to the mass of a body. 

We compute the mass equivalent /x of the energy E of the quantum on 
the basis of the same theorem of mechanics; fx must be such that the 
center of gravity of the system remains unchanged with respect to the 
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obsen'er; hence it is shifted by the distance d mth respect to the bodies 
A and B, We express this shift by the equation: 

As everything else is known, w*e compute the only unknown /r; 

2il/d 


and, introducing the above value of d, 

E 

This is the amount by w'hich the mass of any body increases when it ab- 
sorbs the energy E. 

This computation is special in that it attributes a mass to energy of 
light. We generalize it by considering that in the body *1 or B a ready 
exchange takes place betrveen light and other forms of energy. For ex- 
ample, in the body A, before the emission, the energy E possibly consisted 
of kinetic energy of two atoms which, in an inelastic collision, was changed 
to energj’’ of excitation of one of the atoms. Such a change would not 
affect the position of the body A. Hence, our argument is not specific for 
li^t but applies to any form of energy. 

Einstein's theory of relativity enters only into the last step of the present 
argument. When saying that the quantum travels with the velocity of 
light c, we failed to specify the frame of reference with respect to which 
the velocity is measured. Since Huygens (1678) up to the time of Ein- 
stein (1905) it was assumed that light, being a wave motion, must be 
carried by a medium invented for this purpose and called “ether.” Smee 
the container was assumed to travel through the ether ^vith a certain 
velocity, before Einstein one would have taken into account the velocity 
of the box with respect to the ether, called the “ether wind,” and so w’ould 
have obtained a more complicated final equation. Einstein established 
as a principle that the velocity of light is independent of the relative 
velocity of the observer and the source of light. Therefore, it is basically 
impossible to measure the velocity of light with respect to the hypothetical 
ether; in other words, there exists no effect that would be affected by the 
motion of the apparatus with respect to the ether. Hence the equation 
mass == E/'c^ does not depend upon the motion of our box with respect to 
the ether and represents the general law*. 



ANSWERS 


1 . 1 * (a) Na and NO; ( 6 ) 1 volume nitrogen + 2 volumes oxj’gen = 1 volume 
nitrogen tetroxide. 

2 .L NaCL 

2.2, Analysis by weight leads to CHa or C 2 H 4 etc. The density leads to the molecular 
weight 28, hence the formula C 2 H 4 . 

3.1. 0.655 atm. 

3.2. 23,6 per cent oxygen, 76.4 per cent nitrogen. 

3 . 3 . 1.082 metric ton. 

3.4. F = 2 mnV^; h = 48.0 cm, 

3.5. F - nmc. 

4.1. 420 cm/sec, 

4.2. R - 8.32 X 10" erg/(mole degree); c« = 2.98 cal/(mole degree). 

6.1. ri = 1.82 X 10“* g cm“i sec“^ 

6.1, c = 4.13 X 10^ cm/sec; L = 8.55 X 10"^ cm; 4.8 X 10® collisions per sec; 
n = 0.874 X low cm'^; 2r = 6.54 X IQ-s cm; /z = 2.04 X 10"22 g; N ^ 1.96 X lO^^ 
mole'^ 

6.2, w = 9.2 X 10®; L = 6.9 X W cm; i = 1.38 sec. 

6.3, (a) An-'-nAh gmlRT] (c) loge n = — hgm/RT + loge C; id) log^ C 
= log« ?io; « = Wo exp (- hgm/RT). 

8.1. 3.02 g. 

8 . 2 . 28.7 min; liter. 

8.3. (a) V X Ai\ (5) nv Ai; (c) i = ewr; (d) force on length L ^ env X LX H; 
(e) ivH. 

8.4. e/ju = 1.759 X 10^ emu/g. 

8 . 6 . V - 5.93 X 10® cm/sec; R * 11.3 cm. 

8 . 6 . 18.35 oersteds. 

8.7. 419 emu/g. 

8 . 8 . (a) y = e7P/2d/xz;®; (h) x = €Hiy2fAv; (r) ^ y X eMHy2^V; (d) the fast 

electrons suffer smaller deflections than the slow ones; (c) e/ju ^ 419 emu/g; presumably 
singly charged sodium ions. 

8.9. 1.336 X 102® g/year = 1.336 X 10^^ metric tons/year. 

9.1. 3.18 X 10 " 2 ® emu. 

9.2. V = 3.02 X 10“® cm/sec. 

9.3. i = 1.85 X 10“® sec; r = 6,50 X 10® cm/sec; kinetic energy =* 192.2 X 10"“ erg. 

. 9.4. (a) 62.2 X 10^ cm/sec; 1.762 X lO'W erg; 110 ev; (5) 1.45 X 10’ cm/sec; same 

energy; (c) 0.304 X 10’ cm/sec; same energy; (d) 0.326 X 10’; 3.624 X 10 “W erg; 
220 ev. 

9.6. 1.835 X 10® cm/sec, from Eq. (3.4); 5.63 X lO^i^ erg = 0.0352 ev. 

9.6. 1 kcal/mole = 0.0434 ev/molecule - 0.695 X 10 “^ erg/molecule, 

9.7. Force = 1.745 X 10 “® dyne. 

9.8. 0.264 X 10“® per cent 

9.9. 2.3 X 10“’ per cent; in the atomic weight of hydrogen (Appendix 5) the last 
digit represents 10 "® per cent. 
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9.10. 26.6 Mev. 

9.11. 1.770 X 10=0 ergs = 4.95 X 10« kwhr; $99,000. 

11.1. fa) 6.G2 X 10"27 erg sec; (b) 1.74 ev; (c) 7110A. 

11.2. 2.13 X 10“ quanta. 

11.3. 2.43 X 10“ quanta per cm^ and sec. 

11.4. 1,710 quanta per sec. 

14.1 (a) 1/2 miUi^ = 1/2 miVi^ + 1/2 (b) miUi - miVi H- (c) 

(mi- 7ni)/(mi + V2= UiX %nil(mi + wis); (rf) (1) vi = 0,V2= ih; (2) vi = - ui) 

i ?2 negligible; (3) = Ui] V 2 = 2ai. 

14.2. Kinetic energy of alpha particle = potential energy (2Z62/r) of the alpha particle 
wth respect to the nucleus; r = 3.0 X 10““ cm. 

15.1. (a) ATf'p = mg(k2 — h) where g = gravitational acceleration, (b) The poten- 

tial energj^ but not the kinetic energy can be negative, (c) g = GMjr^. (d) if 
= (- GmUjr + Gm]\I/re)\GmRlrc. (e) = - ChiM/r. 

15.2. i' = 1.118 X 10® cm/sec; velocity of H atoms = 0.258 X 10® cm/sec. 


16.3. (a) ATF = GmM Ar/r^; ((Z) TF = Gmlil 

\ r2 Tij 


15.4. (a) (1) = Z^f(r + 

(II) « ZeV(r + Ry 

(III) + ME^m - nh/2T 
(h) iiroiHl + ix/My = 

+ ju/J/) = nh/2Tr 

(c) r ^ n^hy^ir^fiZ^; (d) v ^ 2rZd^/nh(l + pt/2l/) ; (e) Tf = Ft + TFp = 

+ - Z^/(r + E); (f) Introducing E = rfi/M and V = vE/r = r/i/il/, W 


= - zmi + i^/mi (?) va. = - ^); (/o Ah/Bh, 


Theoretical ratio = 1 — 0.000407; observed ratio = 1 — 0.0(X)408. 

15.6. 1,640; 1,215; 1,085; 1,025 for He+; 1,215; 1,025 for H. 

15.6. Gravitational force = 1.007 X 10“®®/r2; Coulomb force = 23.1 = 10"^/r2. 

15.7. 10.16, 12.06, 12.76, 13.08 ev. 

15.8. 21.65 X 10-“ erg = 13.58 ev. 

15.9. 2.38A. 

15.10 79,000°K; because of the velocity distribution. 

17.1. 4.32 ev. 

17.2. 746 and 1,076A. 

17.3. 12,390 ev X A. 

17.4. (a) = 1-2 4 _ 172 + 2T7/il/; w = t; + F; (b) Muy2 > 2W. 

17.6. (a) A7 = - a AZ J; (c) = - S a M; (tZ) log. (7i/io) = - oZi; 

h ^ 0 

(e) h = 

19.1. (ft) 5^ + ~ cos (^> = m*B*; 


- cos^) = - p); 
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0) Eq. (TV) is conveniently rewritten as ~ and divided into the last 

equation (neglecting Result: X - X' = —d - cos 4>). 

19.2. (a) (1) 2hv/c = il/c; (2) tui2hv/c = nAMC; (3) Consider tluit n.UJ = ac- 
celeration; hence, nAMC = force, (h) (1) nArhv, (2) volume (cross section X distance 
traveled during t) = Act) density = energjv'voluine = nhvjc. icj Force » 0.77 
X 10"^ dj'ne = 6.90 X 10"“ g-weight. 

19.3. (a) 0.0113; (b) 1.44 X 10"*; (c) density of Hg = 20.06 X 10"* g/cm=: 

= 0.718; (d) density of Hg = 3.8S X 10"* g/cm*; ///□ = 0.682. 

19A 9.16 sec. 

19.6. sin |8 = 1 - S; sin 0 = cos ;8 = V 1 - sin*|3 = v'25 = 0.00181 radian. 

19.6. 93.3; 87.3; 77.8; 1.54; 2.38 X 10"*; 5.6 X 10"* per cent; 12.3 cm aluminum. 

19.7. X =• 1.541A; di = 33°10'. 

19.8. 0 1650 A’ 1°40^. 

19.9. V: 0.707, 0.714, 0.731, 0.748; S': 6"42', 6"46', 6*^56', 7'‘6' in agreement Avith Fig. 
19.12. 

20.1. 2,964; 2,640; 456; 434 volts. 

20.2. e/ii = 4.19 X lO^emu/g; atomic weight = 23;Na+. 

20.3. Li isotopes separated by 0.82 cm, resolved; Hg isotopes by 0.025 cm, not 
resolved. 

20.4. (a) 7,27; (b) 14.48; (r) 7.21 Alev. 

20.6. 931 Alev. 

20.6. 25.0 X 10® kwhr. 

20.7. 16.0044. 

20.8. ATP” “ torque X Aor = 7nlII sin a Aa; IT = sin ada == 

cos =* 2mlH^siD? == 2mlH, 

21.1. 6,13 X 1023 atoms/gram atom. 

21.2. T = (log«2)/X; T = (log. 1.111)/X. 

21.3. AiV = - XiY M; Ni - A^oe“Wi. 

21.4. 6.5 X 10* years. 

21.5. (a) 1.383 X 10~® per cent; (h) 3.69 X lO’^ atoms per sec; (c) 12.2 per cent. 

21.6. (a) z’l = 3wi/5; V 2 = 8//i/5; (b) vi — 0; V 2 — ui; (c) ri = — 3wi/5; = 2i/i/S. 

21.7. 6.47 X 10-« g. 

21.8. X = 1.30 X 10-5 sec-i; iV = 2.84 X lO^®; mass « 1.13 X 10 “i 2 g. 

21.9. 7 alpha and 4 beta particles. 

21.10. Average energy 187,000 ev; X = 6.63 X 10"'® cm. 

22.1. (a) hv — hp' + ijlv‘/ 2; liv/c — — hv'/c + fj.v\ Qi) 2hv/c = /z(r +• i^f2c)\ 
(c) hv = (jac/2) X (y -f y-/2c); (d) hv = 55 Alev for hydrogen and 89 Alev for 
nitrogen. 

22.2. nil = 1.16 X mass of proton; Ui = 3.1 X 10® cm/sec. 

22.3. (a) 2.15 Alev; (6) 1.00891. 

22.4. E ^ - 5.S Alev. 

22.5. 17.2 Alev. 

22.6. 158 Alev. 

22.7. (a) Vc = Vpm/(m + ^f); (c) 1/2 mvp^ M/{m + M)] (d) 0.109 Alev. 

22.8. (a) 4.13 Alev; (6) 9.05 Alev. 

22.9. (a) 2.73 X lO"* sec; (b) 5.46 X lO"® sec; (c) 5.43 X lO"* sec. 

22.10. (a) eC'® stable; (6) stable; (c) gF" .^le® + sQi"; (d) loNe*® stable; (e) 4 Be" 



366 


INTRODUCTION TO ATOMIC PHYSICS 


-»+ie« + 3 Li'; (/) sLi' stable; ((/) 
(j) + (fc) 

— » +ic“ + iiSi®. 


_» + „C“; (fi) iHi stable; (0 sLv stable; 
-+ _ie® + tN^^; ( 1 ) isAl® -* _ie“ + 148!®; (m) isP® 


23.1. 9.3 X Iff* k\v. 

23.2. (a) 4ri^(rP At = fim^Ss AT {c = Stefaji-Boltzmanii constant, 6 = denaty; 
=< specific heat); (b) At = 1.06 X 10 ^ sec = 0.34 yeai. 


M.L S 1^5 X 10-8 cm; {h) 3.86 X 10^ cm: (c) 3.32 X 10 * cm; (d) 2.15 X lO"* cm; 
(e) 9.05 X 10-“ cm; (/) 6.62 X 10-» cm; (?) 1.6 X 10-» cm. 
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